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ABSTRACT 
 
Organic ionic plastic crystals (OIPCs) are a class of solid-state 
electrolyte material with good thermal stability, non-flammability, 
non-volatility and good electrochemical stability. These materials 
deform easily under stress and can also allow fast transport of ions 
such as Li+ through the rotational and translational motions of the 
matrix ions. Doping with lithium salts can increase the ionic 
conductivity, and makes them increasingly promising for future 
energy storage applications.  
However, waxy or powdery OIPCs cannot form a self-standing 
electrolyte by themselves. In this research, electrospun PVdF 
nanofibers or PVdF nanopowders were used as reinforcements for 
the plastic crystal, [C2mpyr][FSI] (N-ethyl-N-methylpyrrolidinium 
bis(fluorosulfonyl)imide), to prepare solid and self-standing 
composite electrolytes.  
To further the development of such composite electrolytes, it is 
important to investigate the influence of PVdF nanofibers or 
nanopowders on the thermal, structural, morphological, and 
electrochemical properties of the plastic crystal. Further, 
understanding the influence of composite composition on 
electrolyte parameters such as Li+ transference number, battery 
cycling performance and stability is key. 
In this study, firstly, the phase behavior of [C2mpyr][FSI] with 
different contents of LiFSI was characterized by DSC (differential 
scanning calorimetry). Two concentrations, 10 and 50 mol% LiFSI, 
were selected and their key electrochemical properties were 
studied to reveal the effects of lithium salt concentration on the ion 
transport properties. 50 mol% LiFSI was demonstrated to have 
much better ion transport than 10 mol%.  
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Secondly, the effects of PVdF fibers on the ion conduction of 10 
and 50 mol% LiFSI were investigated. PVdF fibers enhanced the 
ionic conductivity of neat [C2mpyr][FSI], but decreased the 
conductivity of Li-containing [C2mpyr][FSI], regardless of whether 
the dopant concentration was 10 or 50 mol% LiFSI. PVdF fibers 
also hindered the crystallization process present in the 50 mol% 
LiFSI-containing [C2mpyr][FSI]. 
Thirdly, a new morphology of PVdF, nanoparticles, was used to 
study the effects of polymer morphology on the ion transport. 
Similar to the PVdF nanofibers, PVdF nanoparticles had little effect 
on the phase transitions of the 50 mol% LiFSI-containing 
[C2mpyr][FSI]. The solid composite electrolytes prepared with the 
PVdF nanoparticles exhibited quite high ionic conductivities, up to 
10-4 S cm-1 at 30 °C and Li+ transference number of 0.44 ± 0.02 at 
50 °C. The electrolytes also exhibited much better discharge 
capacity retention than that of a standard liquid organic solvent 
electrolyte over more than 1000 cycles at a rate of 1C. The 
composites eventually prepared with PVdF nanoparticles displayed 
superior ion transport and cell performance than those of PVdF 
nanofibers. 
Finally, two different sizes of PVdF nanoparticles, 200 and 362 nm, 
were adopted to prepare the powder composites and 
systematically compared. The ionic conductivity of 362 nm PVdF 
based composite was slightly higher than that of 200 nm. 
Interestingly, 362 nm PVdF based composite exhibited higher 
current densities in cyclic voltammetry and better Li | NMC cell 
capacity retention than that of 200 nm PVdF over 100 cycles. 
In summary, a comprehensive study was carried out on the 
development of nano-structured [C2mpyr][FSI]/PVdF composites 
as solid state electrolytes. The effects of LiFSI salt concentration, 
presence of PVdF nanofibers, morphology of PVdF and the size of 
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the PVdF particles on the ion transport properties and the cell 
performance were investigated and formed the four main 
experimental chapters of this thesis.  
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1  
CHAPTER 1 INTRODUCTION 
 
1.1 A broader context 
 
Energy underpins the way we commute, work, communicate, and 
live. Emerging renewable energy and distributed energy-
generation methods are driving the next industrial revolution. At 
present, we still rely on the energy from fossil fuels, whose 
combustion products, however, cause global warming and air 
pollution. Energy storage is also an inevitable part of the process of 
solving energy problems as most renewable energy sources are 
intermittent – for example, the wind farm cannot work without wind, 
and the solar farm ceases production without sun. In addition, 
energy storage enables the use of portable electronics. Although 
thermal and hydrogen storage can be used to store energy, 
electrochemical systems 1 have proven to be a viable and efficient 
way to store energy without much pollution. One of the 
manifestations of these systems is the rechargeable battery, in 
particular the lithium ion battery. Lithium ion batteries are now 
commonly used in laptops, cell phones, and even all-electric 
vehicles and planes.  
In a battery, electrical energy is stored as chemical energy in the 
two electrodes. Increasing the energy capacity, cycle life and safety 
of these batteries has been pursued by the utilization of new 
materials and structural designs, since the first realization of the 
lithium ion battery, a Li1-xCoO2/C cell, in 1985 by Yoshino 2 and 
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commercialization by Sony in 1991 3. Nevertheless, batteries are 
not without problems. The possibility of ignition and fire due to the 
use of volatile and flammable organic solvent in the liquid 
electrolyte or being short-circuited by dendritic growth of lithium 
during long-term cycling should not be overlooked. There have 
been some reports 4 of combustion of batteries in electric vehicles 
or mobile phones, as flammable ethylene carbonate and dimethyl 
carbonate were incorporated into the electrolyte of the lithium ion 
batteries being used.  
To develop better electrolytes for lithium batteries and tackle safety 
concerns, other new electrolyte systems have been proposed, 
including ionic liquids 5, inorganic ion conductors 6, and organic 
ionic plastic crystals 7. The latter two are solid materials that offer 
the possibility of non-leakage and all-solid-state batteries. If 
realized, the safety of future batteries would be greatly enhanced.   
 
1.2 Organic ionic plastic crystals  
 
Organic ionic plastic crystals (OIPCs) are the focus of this research. 
They are a type of solid salt at ambient temperature composed of 
an organic cation and an organic or inorganic anion. Through the 
rotational, translational and conformational motion of the cation or 
anion, or lattice defects such as vacancies 8, target ions (e.g. Li+ for 
lithium batteries) can move quickly through the 3D lattice, thus they 
can be used as ion conductive electrolytes 9. OIPCs possess some 
unique properties that render them appealing as solid electrolytes, 
particularly their non-flammability and non-volatility. They also flow 
under stress, which may allow flexible and bendable devices that 
can accommodate the structure of substrates. However, OIPCs 
suffer from relatively low ionic conductivity compared to liquid 
electrolytes. In addition, powdery or waxy OIPCs cannot be used 
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as self-standing electrolytes. Lithium salt doping can be used to 
enhance the ionic conductivity of OIPCs 9 and polymer can be used 
with OIPCs to prepare flexible and standalone composites. 10 
The OIPC used in this study was [C2mpyr][FSI] (N-ethyl-N-
methylpyrrolidinium bis(fluorosulfonyl)imide). It has a relatively 
wide plastic crystalline range, from -22 °C to ca. 205 °C, which is 
highly desirable for practical use, and an ionic conductivity of 1 × 
10-6 S cm-1 at room temperature 11. The polymer used was 
electrospun PVdF nano-fibers and PVdF nano-powders, which are 
thermally, chemically, mechanically and electrochemically stable 
and used broadly in energy related devices 12. 
 
1.3 The gaps, the aims and the approach 
 
There has been limited research on the effects of lithium salt 
concentration on the electrolyte properties of OIPCs such as the 
recently discovered [C2mpyr][FSI]. Moreover, after the introduction 
of electrospun PVdF nanofibers or nano-particles into 
[C2mpyr][FSI], little is known about the changes of the thermal, 
structural, morphological and electrochemical properties of each 
new system. Furthermore, the fundamental mechanisms that lead 
to these changes are still not clear. From the application 
perspective, the cycling performance and stability of cells using 
[C2mpyr][FSI] based composites electrolytes are yet to be studied 
in detail.  
The aim of this study is to develop free-standing, lithium salt doped 
OIPC – polymer composites as solid-state electrolytes that can 
support long-term, high-capacity cycling of batteries with metallic 
lithium as anodes.  
To fulfill this aim, the following two aspects are taken into 
consideration in the experimental design. 
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Firstly, from the aspect of fundamentally understanding the 
properties of materials, the effects of lithium salt doping and PVdF 
nano-fiber / nano-particle addition on the thermal, structural, 
morphological and electrochemical properties of [C2mpyr][FSI] 
were studied. 
Secondly, from the aspect of putting the composite electrolytes into 
actual battery application, the performance of Li | Li symmetrical 
cells and then Li | LiNi1/3Mn1/3Co1/3O2 full cells incorporating the 
composite electrolytes were tested.  
Based on these considerations, the overall research question is to 
understand the influence of polymer nano-fiber / nano-particle 
addition on OIPC electrolytes. The good performance of these 
materials in lithium batteries relies on achieving good ion 
conduction through the materials and good compatibility at the 
electrode/electrolyte interface. These properties will be influenced 
by the material’s phase behavior and interactions of the ions with 
the polymer. Therefore, to address this research question, the 
following sub-questions were investigated:  
1. What are the effects of lithium doping on the phase behavior and 
ion conduction in [C2mpyr][FSI]?  
2. How does PVdF nanofiber / nanoparticle addition influence the 
phase behavior of [C2mpyr][FSI], key electrolyte parameters and 
performance?  
3. What are the effects of using a different polymer nano-particle 
size on the electrolyte ion transport? 
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1.4 The structure of the thesis 
 
This thesis is structured as follows: 
Part I, Introduction and background, gives an introduction of this 
thesis and a comprehensive overview of the field of OIPCs, Li-
doped OIPCs, and their composites as solid-electrolytes for Li 
batteries. The experimental techniques and details are also 
provided. This content is in chapters 1, 2, and 3.  
Part II, Transport properties in [C2mpyr][FSI], discusses how the 
concentration of lithium salt (chapter 4) and presence of PVdF 
fibers (chapter 5) affect the ion conduction and battery performance 
of the [C2mpyr][FSI] system. 
Part III, The impact of polymer morphology, discusses how the fiber 
shape (fiber or powder) (chapter 6) and the powder size (chapter 7) 
affect the ion transport and underlying mechanisms. 
Part IV, Conclusions and future work, summarizes the major 
findings of this research and implications for future studies. This 
content is in chapter 8. 
Part V, Appendix, provides the raw NMR spectra and other 
supporting information for the thesis. 
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2  
CHAPTER 2 LITERATURE REVIEW 
 
2.1 Lithium batteries 
 
Batteries make it possible to carry cell phones, laptops, and even 
to power electric vehicles. At the same time, there are two major 
challenges still facing the present battery technology in the energy 
storage field, that is, to improve the power and capacity of batteries 
and to store intermittent renewable energy 1.  
A basic battery cell is composed of an anode, a cathode, a 
separator and the electrolyte and is manufactured in the shape of 
coin, pouch or cylindrical cell for commercial applications. Fig. 2.1 
shows a schematic of a basic battery cell. The two electrodes are 
separated by the electrolyte and a separator. The electrical energy 
is produced from the chemical energy by the electrochemical 
reactions occurring at the two electrodes. Thermodynamically, the 
energy comes from the free energy difference of the reactions.  
In detail, when the battery is discharging, the oxidation reaction of 
the anode provides electrons. After circuiting through an external 
load, these electrons arrive at the cathode side, where the 
reduction reaction takes place 13. For rechargeable batteries, this 
process is reversed when the battery is charged. The function of 
the electrolyte, in the form of a liquid, gel, or solid, is to conduct ions, 
not electrons, between the anode and cathode to maintain the 
electrochemical reaction. The separator is used to prevent the 
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direct contact of the two electrodes as short circuits can lead to 
failure of the battery. 
 
 
Fig. 2.1 Schematic of the structure of a basic battery. 
 
There have been many kinds of batteries reported, with the cathode 
and anode composed of various materials, such as the lead-acid 
battery 14, lithium-air battery 15, lithium-sulfur battery 16, lithium-ion 
battery 17, and lithium metal battery 18. A comparison of the energy 
densities of various battery technologies is shown in fig. 2.2.  
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Fig. 2.2 The energy densities comparison for different battery 
technologies. Reprinted with permission from ref. 19. Copyright © 2010, 
American Chemical Society.  
 
The Lithium-air battery exhibits the highest theoretical energy 
density, but a range of other factors have to be considered including 
rechargeability, cycle life, rate capability, cost and environmental 
compatibility when choosing the right technology to use. 
The Lead-acid battery 14 is an old technology which was invented 
in 1859. It has wide applications in transportation, signaling, 
transmission system, military and many other fields. Nonetheless, 
the lead-acid battery poses serious environmental and health risks 
due to the lead and sulphuric acid used. There are also some other 
limitations such as relatively short cycle life, H2 evolution and low 
energy density. It is being gradually replaced by other more 
competitive technologies.  
The Lithium-air or Lithium-oxygen (Li-O2) 15 battery is an intriguing 
idea of a “breathing battery” with a theoretical energy density 
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comparable to gasoline, but this technology is still in its infancy for 
practical use due to unsolved problems including low rate capability, 
high charge overvoltage, electrolyte or cathode decomposition, 
lithium metal passivation. The complex reaction mechanisms 
during charging and discharging are still under investigation. 20 
The advantage of the Lithium-sulfur (Li-S) battery 16 is also its high 
theoretical energy density of 2500 Wh Kg-1. Both sulfur and lithium 
metal are high capacity materials with a theoretical specific capacity 
of 1672 and 3860 mAh g-1, respectively. The abundance and low 
cost of sulfur also makes the Li-S battery widely adoptable. 
However, the migration/dissolution of polysulfide within the liquid 
electrolyte between the anode and cathode, which was recently 
directly observed with in-operando XRD 21, cause the battery to 
rapidly lose capacity with cycling. 
The lithium-ion battery 17 dominates the current portable 
electrochemical energy storage market due to its several prominent 
advantages.  
The year 1986 saw the success of the first lithium ion battery, 
demonstrated by Yoshino 22, with LiCoO2 as the cathode material 
and a carbonaceous anode. The introduction of lithiated oxides, 
such as layered LiCoO2 22, or olivine LiFePO4 23, as cathode 
materials or other layer-structured materials, like the prominent 
graphene 24, as  the intercalation cathode and anode materials 
employed in lithium ion batteries generally avoid the short-circuit 
problem of metallic lithium. These batteries are also rechargeable 
via the intercalation and deintercalation of lithium ions from the 
electrode materials. 
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Anode             LixC → C + xLi+ + xe- (anode)                   Equation 1.1  
Cathode          Li1-xMO2 + xe- + xLi+  → LiMO2 (cathode) Equation 1.2
  
where M is a transition metal, such as Co, Mn or Ni 
 
The oxidation reaction at the anode and reduction reaction at the 
cathode when discharging are shown in equations 1.1 and 1.2, 
respectively. Electrical energy is generated from the difference in 
Fermi levels of lithium in the two electrode materials and the 
accompanying electron transfer. The reactions are reversed when 
the battery is charged. These electrode reactions involve the 
insertion and extraction of Li+ into / from the oxides or carbon 
materials, which are referred to as intercalation and deintercalation, 
respectively. Research into the development of novel and 
advanced cathode materials is an extensive field beyond the scope 
of this chapter - more information about the electrode materials and 
their structures can be found in ref. 17, 25, 26.  
A schematic of a lithium ion battery is shown in fig. 2.3. In this 
structure, graphite was the anode. LiCoO2 was the cathode, which 
is an olivine oxide with a layered structure. 
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Fig. 2.3 Schematic of the structure of a lithium ion battery. Graphite was 
the anode. LiCoO2 was the cathode. From ref. 27. Reprinted with 
permission from Copyright © 2008 WILEY-VCH Verlag GmbH & Co. 
KGaA, Weinheim. 
 
Metallic lithium has the lowest reduction potential (-3.04 V vs 
standard hydrogen electrode), providing the highest possible cell 
voltage. Besides, Li is the third lightest element and Li+ is the 
smallest metallic ion. High gravimetric and volumetric capacities 
can be acquired from lithium ion batteries. 
Nonetheless, metallic lithium has been considered a poor prospect 
as an anode due to safety concerns as the battery is easily short-
circuited when deposited lithium forms dendrites 28. The direct 
visualization of lithium dendrite growth was made in organic solvent 
and ionic liquid electrolytes 29 and polymer electrolytes 30, as shown 
in fig. 2.4 and 2.5, respectively. Once the dendrites grow and 
connect across the electrodes in fig. 2.5 (e), the cell will fail due to 
short circuit.  
Regarding the time for dendrite initiation, a widely accepted model 
is termed the Sand’s time model 31, which gives a quantitative 
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method to calculate the time for dendrite formation, the Sand’s time. 
In this model, the Sand’s time is linear to the inverse of the square 
of the current density and negatively correlated to the distance 
between the two electrodes. A more detailed theoretical 
explanation and prediction of dendrite initiation and growth pattern 
can be found in ref. 32. 
 
 
 
 
 
 
 25 
 
 
 
 
Fig. 2.4 The Li morphology change during cycling with 1 M LiPF6 in PC 
electrolyte after (a) 0 cycle (uncycled), (b) 100 cycles, (c) 200 cycles, and 
(d) 500 cycles. 29 Reprinted from Journal of Power Sources, 114, P. C. 
Howlett, D. R. MacFarlane, A. F. Hollenkamp, A sealed optical cell for 
the study of lithium-electrode|electrolyte interfaces, 277-284, Copyright 
(2003), with permission from Elsevier. 
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Fig. 2.5 Li dendrite growth visualized in the Li|PEO18LiTFSI-
1.44PP13TFSI|Li cell during cycling for t = (a) 0, (b) 30, (c) 35, (d) 45, (e) 
65 and (f) 75 h. 30 Reprinted with permission from copyright (2010), 
ELECTROCHEMICAL SOCIETY, INC. 
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However, efforts to enable metallic lithium utilization are growing 
due to the advantages of its very low weight compared to the 
intercalation materials, and negative redox reduction potential 18. A 
lot of novel techniques including artificial protective interphase 
between lithium and electrolyte 33-38, adoption of high concentration 
electrolyte 39, surface pre-treatment 40, 41,  addition of electrolyte 
additive 42 are being developed to try to mitigate the propagation 
and growth of dendrites. Besides dendrite growth, there are also 
some other causes of cell degradation such as structural instability 
of the cathode 43, 44, electrolyte instability 45, and continued SEI 
growth 46. 
There are also some new battery concepts in their infancy such as 
multivalent ion batteries including the aluminum ion battery 47, 
magnesium battery 48, calcium battery 49; sodium ion battery 25 and 
the sodium metal battery 50; the redox polymer battery 51 and redox 
flow battery 52.  
The batteries tested in this research were made with metallic lithium 
as the anode and LiNi1/3Mn1/3Co1/3O2 (NMC) as the cathode, as 
both are high theoretical capacity materials (metallic lithium at 3860 
mAh g-1; NMC at 278 mAh g-1). NMC was used because it is a 
stable (thermally and electrochemically) high voltage, high capacity 
material and has previously been shown by researchers in our labs 
to work well with both ionic liquid and OIPC electrolytes 53, 54. 
 
2.2 Electrolytes 
 
In general, electrolytes contain mobile ions and are ionically 
conductive. Specifically in Li metal batteries, in the discharge 
process, Li metal is oxidized and gives out an electron, which flows 
to the cathode via the external circuit, and the resulting Li+ passes 
into and through the electrolyte, to be inserted into the cathode. 
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Using the Li/LiFePO4 battery as an example, the reactions at the 
anode and cathode upon discharge are as follows:  
 
Anode:                Li → Li+ + e-                                           Equation 1.3 
Cathode: FePO4 + xLi+ + xe- → xLiFePO4 + (1-x)FePO4 Equation 1.4 
 
As the insertion of Li+ in equation 1.4 happens at 3.5 V vs the 
oxidation of Li in equation 1.3, the theoretical open circuit voltage 
of Li / LiFePO4 battery is 3.5 V 55.  
As an indispensable part of the battery, the electrolyte provides the 
ionic transport pathway to complete the circuit. It also maintains the 
physical separation between the cathode and anode to avoid short 
circuit, in combination with the separator if the electrolyte is liquid. 
Ideally, the electrolyte should not change its composition during 
battery cycling 56. Another requirement for the electrolyte is to have 
a relatively wide electrochemical window, to ensure that 
components of the electrolyte, other than the target species (e.g., 
Li+), are not oxidized or reduced 57, 58. For an organic solvent 
electrolyte, the electrochemical window is defined as the energy 
difference between the LUMO (lowest unoccupied molecular orbital) 
and the HOMO (highest occupied molecular orbital). For an 
inorganic solid electrolyte, this is the bottom of the conduction band 
and the top of the valence band 59.  
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2.2.1 Liquid electrolytes 
 
Water has been trialed as a lithium ion battery electrolyte 60, but the 
narrow electrochemical window (at around 1.5 V) and insufficient 
negative stability potential precludes its actual usage, with the 
window needed to extend to at least 3 V to support lithium 
electrochemistry 22. The most widely adopted electrolytes are 
organic solvents containing lithium salts, such as LiPF6, LiBF4 61 in 
the organic solvents EC, DMC, DEC or EMC 22. These solvents are 
selected from a huge range of candidates due to their good lithium 
salt dissolution, low viscosity (to allow fast ion conduction), good 
chemical stability and wettability with the electrodes, and suitable 
thermal stability 56. However, the flammability of these solvents 
remains a problem. Furthermore, these solvents, together with 
lithium salts, are still not ideal in terms of the viscosity, chemical 
and thermal stability and associated degradation and corrosion 
problems. They are also unable to cycle a lithium metal electrode 
due to the poor solid electrolyte interphase (SEI) formed, which will 
be discussed in detail in section 2.3. Some electrolyte additives 
such as FEC and VC are also being studied for their effects on the 
SEI formation reactions and battery cycling performance. 62-64 
 
2.2.2 Ionic liquids 
 
Ionic liquids have been widely studied in the field of corrosion 
prevention 65, electrodeposition 66, electrolytes for batteries 67, dye-
sensitized solar cells 68, fuel cells 69, and organic synthesis 70. 
These share many component ions and structure similarities with 
organic ionic plastic crystals, which are the focus of this project.  
Ionic liquids are salts, composed entirely of ions, many of which are 
molten at room temperature 71. The low melting point arises from 
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the charge delocalization and bulky / asymmetrical structures of the 
constituent ions, which induces lattice energy reduction. With low 
vapor pressure, non-flammability and sometimes high 
electrochemical stability and ionic conductivity, ionic liquids fulfill 
the requirement for a promising battery electrolyte. Quaternary 
ammonium 72, phosphonium 73, tertiary sulfonium 74, cyclic 
pyrrolidinium 75-78, piperidinium 79 are common cations, and [TFSI]- 
76, [BF4]- 80, [PF6]- 81, and [FSI]- 74, 82 are typical anions that have 
been widely investigated. Many kinds of ionic liquids have been 
prepared with fluorinated anions because of the strong electron-
withdrawing ability of fluorine that causes significant charge 
delocalization and stabilization in the anion structure, depressing 
the electrostatic forces and melting point. It also decreases 
hydrogen bonding compared to protonated anions. 
However, other drawbacks of ionic liquids compared with organic 
solvent-based liquid electrolytes are their high cost and relatively 
high viscosity compared to molecular solvent electrolytes and the 
resulting lower conductivity 74.  
 
2.2.3 Plastic crystals 
 
Due to the intrinsic leakage possibilities of liquid electrolytes, solid 
state electrolytes are an attractive option. Ceramic electrolytes 
such as A2.99Ba0.005O1+xCl1-2x with A = Li or Na have been prepared 
to have a rather high ionic conductivity, over 10-2 S cm-1 at 25 °C 83, 
but the high interfacial resistance between the ceramic electrolyte 
and electrodes remains a problem as the rigid ceramic material 
cannot make a good contact with the electrode.  
Another appealing class of material is plastic crystals. These were 
first described by Timmermans 84 in 1961 when he found a group 
of compounds (molecular plastic crystals) that had a very low 
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entropy of melting - no more than 20 J K-1 mol-1, which is known as 
the Timmerman’s criterion for plastic crystals. Before melting, these 
compounds undergo several phase transitions, gradually gaining 
entropy. It is these transitions that give them unique chemical and 
mechanical properties. As a convention, the highest temperature 
solid phase is termed phase I, the phase below the highest 
temperature solid-solid transition phase II, then phase III below the 
next transition and so forth. 
The plastic crystal material can be an inorganic salt such as Li2SO4 
85, NH4Cl, NH4Br 72 or organic molecules such as succinonitrile 
(N≡C–CH2–CH2–C≡N) 86, or organic ionic materials such as 
[C2mpyr][TFSI] 87, or [C2mpyr][FSI] 11. OIPCs will be discussed in 
more detail in section 2.4. For these compounds, the disorder 
introduced at the phase transitions is the rotational or translational 
motion of the molecule, or parts of the molecule, of the cation and 
/ or anion. The plasticity of these materials results from the easy 
short-range motion of the ions under moderate stress, and / or the 
presence of extended defects such as slip planes.  
In the case of inorganic plastic crystals satisfying the Timmerman 
criterion, a percentage of cations were found to have a rather high 
mobility in the plastic crystal Li2SO4, which was determined to be 
due to the rotation of the sulphate 85. However, in OIPCs, if the 
rotational or translational motion of only one ion is activated in the 
phase transitions before melting, then the final fusion entropy may 
be greater than 20 J K-1 mol-1 as the other ion can gain significant 
entropy on melting but they are still plastic. For example some of 
the pyrrolidinium family of OIPCs have an entropy of melting higher 
than that dictated by Timmerman’s criterion 88, but are still plastic, 
so this represents an expansion of the original criterion.  
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2.2.4 Polymer electrolytes 
 
The incorporation of polymer into battery electrolytes has long been 
researched in an attempt to achieve all-solid-state batteries. 
Polymer electrolytes are another kind of promising material that 
offer flexibility and good mechanical strength. They are further 
divided into three categories: ‘dry solid polymers’, ‘polymer gels’, 
and ‘polymer composites’ 89. ‘Dry solid polymers’ are lithium salts 
dissolved in solid polymers, which suffer from low ionic 
conductivities - around 10-5 S cm-1 at 20 °C 89. ‘Polymer gels’ are 
polymers plasticized by organic solvents. The addition of inorganic 
powders, such as Al2O3 90,  into ‘dry solid polymers’ or ‘polymer gels’ 
can produce ‘polymer composites’ with improved mechanical and 
transport properties. Room temperature conductivities of 10-3 S cm-
1 can be achieved by ‘polymer gels’ and ‘polymer composites’ 91. 
However, gels do not have the mechanical strength of the original 
polymers. The low conductivity is still a limitation for most polymer 
electrolytes. 
The first initiation of complexing polymers with metal ions was 
reported in 1973 with PEO 92, which shed light on the structure and 
properties of polymer-ions complexes. Later it was found more 
amorphous phase component in the polymer could help to facilitate 
the ion transport. 93 
Then new polymer materials were synthesized and developed as 
novel polymer electrolytes, these include “polymer-in-salt” 
electrolyte 94, polymer plasticized with organic solvents as gel 
electrolytes 95, glyme polymer solvated by ionic liquid as gel 
electrolytes 96, single lithium-ion conducting polymer electrolytes 97, 
all-ethylene oxide polymer electrolytes 98, nitrile-based polymer 
electrolytes 99 and poly(ionic-liquid) based electrolytes 100. 
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2.2.5 Concentrated electrolytes 
 
Electrolytes containing high (> 1M) concentrations of lithium salts, 
whether in conventional organic solvents or in ionic liquids, or even 
plastic crystals, have long been ignored due to the general 
observation of decreasing ionic conductivity beyond a certain 
concentration threshold 101. However, in recent years concentrated 
electrolytes have attracted attention for their distinctive properties 
such as high electrochemical and thermal stability, and efficient 
transport of target ions, which are greatly beneficial for 
rechargeable battery applications 101-108.  
For example, high concentrations of Li salts in electrolytes can 
prevent aluminum corrosion, which is detrimental to battery cycling 
109. LiFSI / DMC (molar ratio 1 : 1.1) electrolyte was shown to 
support Li | LiNi0.5Mn1.5O4 cell cycling at high voltage, up to 5.2 V, 
with low capacity decay (less than 5% after one hundred cycles) 102. 
This extraordinary performance was ascribed to the inhibition of 
corrosion of the Al cathode current collector (which generally 
occurs at 4.3 V) because there were few free DMC molecules to 
coordinate to the oxidized Al cations - a crucial step in the corrosion 
and dissolution of Al. The Al corrosion prevention mechanism was 
also observed in an earlier study, which showed that 1.8 M LiTFSI 
dissolved in mixed EC : DEC electrolyte exhibited improved cycling 
performance, compared to that of a corresponding 1.0 M electrolyte 
103.  
Ionic liquids (ILs), are another promising class of electrolyte 
increasingly being studied as high concentration systems or mixed 
inorganic-organic salts 110. Electrolytes composed of an IL, 
[P111i4][FSI], containing from 0.5 to 3.8 mol kg-1 LiFSI (the 
concentration was calculated as the mole of LiFSI to the weight of 
[P111i4][FSI]), were systematically studied in terms of thermal, 
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transport, and electrochemical properties 104. The diffusivity of the 
target Li+ ion surpassed that of the competing IL cation when the 
LiFSI content was over 2 mol kg-1. Reversible Li deposition and 
stripping were achieved at all concentrations examined, as shown 
in the cyclic voltammograms in fig. 2.6. Interestingly, the 3.2 mol kg-
1 electrolyte exhibited a wider electrochemical stability voltage 
range than that of the 0.5 mol kg-1 electrolyte by linear sweep 
voltammograms.  
The 3.8 mol kg-1 LiFSI in [P111i4][FSI] also exhibited stable cycling 
of Li | Li symmetrical cells for 200 hours at both 25 and 50 °C at a 
current density of 1.5 mA cm-2, while the cells with the liquid 1 M 
LiPF6 in EC : DMC (1 / 1 vol / vol) electrolyte became unstable at 
50 °C. 110 The post-cycling Li metal surface morphologies, as 
shown in fig. 2.7, revealed the rather uniform Li deposits and 
chemically stable solid electrolyte interphase formed between the 
Li electrode and the 3.8 mol kg-1 LiFSI in [P111i4][FSI] electrolyte, 
which clearly supported the stable cycling of Li | Li cells. These 
results showed that a phosphonium IL containing a high 
concentration of Li salt led to electrolytes with improved 
electrochemical performance, albeit with a substantial increase in 
viscosity. 
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Fig. 2.6 Cyclic voltammograms of neat [P111i4][FSI], with 0.5, 3.2, and 3.8 
mol kg-1 LiFSI at 25 °C. The scanning rate was 20 mV s-1. Reproduced 
from ref. 104 with permission of The Royal Society of Chemistry.  
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Fig. 2.7 Plated Li metal surface morphologies after 50 cycles at j (current 
density) = 1.5 mA cm-2 and q (charge density) = 3 mAh cm-2 in 3.8 mol 
kg-1 of LiFSI in [P111i4][FSI] at 50 °C. 110 Reprinted from Electrochimica 
Acta, 220, M. Forsyth, G.M.A. Girard, A. Basile, M. Hilder, D.R. 
MacFarlane, F. Chen, P.C. Howlett, Inorganic-Organic Ionic Liquid 
Electrolytes Enabling High Energy-Density Metal Electrodes for Energy 
Storage, Copyright (2016), with permission from Elsevier.  
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Another IL, [C3mpyr][FSI] with 3.2 mol kg-1  of added LiFSI, 
exhibited high rate capability, up to 5 C, in Li | LiCoO2 cells, even 
better than that observed for the commercial 1M LiPF6 in EC : DMC 
electrolyte 111. This high performance was ascribed to improved Li+ 
transport in the high concentration Li-containing electrolytes.  
Na-metal based batteries are an analogue of Li-metal batteries, 
although there are some intrinsic chemistry differences 25. For 
example, the Na+ is larger and heavier than the Li+. The ionization 
potential of Na is also lower than that of Li. Concentrated 
electrolytes have also been investigated for use in sodium batteries. 
The effects of NaFSI concentration, ranging from 0 - 60 mol%, in 
[C3mpyr][FSI], on the rate capability of Na | NaCrO2 cells were 
studied. 112 At high charge / discharge rates (above 4C), the 
concentration of Na was critical to the performance of the cell; 40 
mol% gave the highest discharge capacity.  
In another recent report, the phase behavior and electrochemistry 
of OIPC / sodium salt mixtures, e.g. [P111i4][TFSI] containing from 0 
to 75 mol% NaTFSI, were systematically studied. 113 Stable cycling 
of Na symmetrical cells and Na | NaFePO4 cells were demonstrated 
with 25 mol% NaTFSI in [P111i4][TFSI] electrolytes, and a 45 mol% 
NaTFSI mixture supported very high capacities of 2.5 mAh cm-2 
over 5 hours through the application of a pre-conditioning step to 
the Na surface. 114 
However, there have been no equivalent studies for high 
concentrations of Li salts in OIPCs and their potential applications 
in Li batteries.  
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2.3 Solid electrolyte interphase 
 
The influence of electrolytes on key battery parameters including 
transference number, cycling performance and stability is also an 
important aspect of their development. Dendrite proliferation is one 
of the crucial factors that is limiting the widespread usage of lithium 
metal based cells. Another important factor influencing long-term 
battery performance is the formation of the solid electrolyte 
interphase (SEI), which is a product of the reaction between the 
metal anode and the electrolyte 115.  
To date, most studies of the SEI have centered on liquid 
electrolytes 42, 116-119. In these studies, galvanostatic cycling of 
symmetrical cells has been the most common method utilized to 
study the cycling behavior, coupled with advanced characterization 
techniques, such as  SEM 120 or STEM and in situ SIMS 118 to study 
the surface morphology evolution of the lithium electrode.  
The quality of the SEI is closely related to the prevention of dendrite 
initiation and propagation. This thin layer is ionically conductive, 
while being electronically insulating. The reaction starts at the first 
contact of the Li and the electrolyte. However, for different kinds of 
electrolyte, there are substantial differences in the SEI formed. For 
example, cells prepared with EC and EMC 121 failed with the 
continual reaction of the electrolyte with metallic Li, which was 
exposed after the initially formed weak SEI cracked.  
In contrast, compact SEIs in cells prepared with the ionic liquid 
[C3mpyr][FSI] contributed to their excellent cycling behavior. 40 A 
lithium immersion in [C3mpyr][FSI] test was carried out to study the 
evolution of the lithium surface with time 122. There was substantial 
change of the surface morphologies with time, as shown in fig. 2.8. 
The initial rough surface in fig. 2.8(a) became smooth, covered by 
the reaction products of the lithium and [C3mpyr][FSI] after 4 hours. 
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The deposits continued to grow to a porous coral structure after 12 
days, then became smooth again after 18 days. These behavior 
revealed that the interaction between lithium and the ionic liquid 
was a dynamic process. The compositions of the SEI were also 
identified by infrared reflectance spectroscopy to be mixtures of LiF, 
Li2F, LiO, and Li2O formed by breakdown of the anion 122.  
Understanding of the formation mechanism and evolution of the 
SEI can be used to increase the rate capability and prolong the 
lifetime of cells. Following the above lithium immersion study, the 
symmetrical cells prepared with lithium electrodes which were 
immersed in [C3mpyr][FSI] for 12 days achieved impressive stable 
cycling for 1000 cycles at a rate of 1C 40. In another report, a 
favorable SEI was created by a ‘pre-conditioning’ process to enable 
the cell with Li-doped OIPC electrolyte to cycle at high current 
densities, up to 0.5 mA cm-2 123.  
The SEI is also important in Na batteries. Through deliberately 
cycling Na symmetrical cells at 0.5 mA cm-2 for 12 cycles with a 
liquid 45 mol% NaFSI-containing P1i4i4i4FSI electrolyte to create a 
stable sodium surface, Na cells were also cycled for 120 hours with 
half cycles of 5 hours after the surface pre-treatment 114. However, 
there is limited knowledge of the influence of other OIPC based 
electrolytes, especially the organic ionic plastic crystal-nanofiber 
composite electrolytes discussed in this research, on both dendrite 
growth and SEI formation in lithium batteries. 
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Fig. 2.8 SEM images of SEI formation on the Li surface by immersing the 
metallic lithium in [C3mpyr][FSI] for (a) 0h; (b) 4h; (c) 7 days); (d) 12 days; 
(e) 12 days alternate area and (f) 18 days. Reprinted with permission 
from ref. 122. Copyright © 2012, American Chemical Society. 
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2.4 OIPCs 
 
As introduced above, OIPCs are a kind of solid salt at ambient 
temperature most often composed of an organic cation and an 
inorganic anion. It is important to note that not all ionic salts are 
plastic – there are specific structural features that make them likely 
to be plastic e.g. symmetry or structural isomers. 
In the following sections, 2.4, 2.5 and 2.6, the discussion focuses 
on OIPCs, with molecular and inorganic plastic crystals being 
investigated, particularly molecular plastic crystals, as electrolytes. 
For example, SN has been investigated as composite electrolytes 
formed with PEO 124, 125 and recently as an electrode additive 126.  
However, for purposes of this literature review these materials are 
considered outside the scope of the project. 
Through the rotational, translational or conformational motion of the 
cation or anion, or the lattice defects such as vacancies 8, target 
ions (e.g. Li+ for lithium ion batteries) can move quickly, thus OIPCs 
can be used as ion conductive electrolytes 9. There have been 
various kinds of OIPCs reported, often categorized by their 
pyrrolidinium, ammonium, phosphonium, imidazolium, or sulfonium 
cation families. Some typical cations and anions are shown in fig. 
2.9. 
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Fig. 2.9 The reported structures and abbreviations of some OIPC 
cations and anions. Reproduced from ref 7 with permission of The Royal 
Society of Chemistry. 
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The following summarizes some of the OIPCs that have been 
reported in the literature.  
 
Pyrrolidinium OIPCs 
 
In the [Cnmpyr][TFSI] (n = 1, 2, 3, 4)  family 88, the longer chain 
length [C3mpyr]+ and [C4mpyr]+ derivatives are liquid at room 
temperature, while the [C1mpyr]+ and [C2mpyr]+ derivatives are 
solid with several solid-solid phase transitions before melting at 
132 °C and 86 °C, respectively. Just below the melting at 12 °C, 
when the [C3mpyr]+ derivative is in phase I crystalline phase, it 
exhibited an ionic conductivity of 1 × 10-6 S cm-1 at 0 °C. The single 
crystal structures of [C2mpyr]+ derivative in phase IV and III were 
further elucidated and structure disordering modes (e.g.,C2 ↔ C2) 
were observed in phase III 87.  
When the anion is replaced with [FSI]- or [BF4]-, there are analogous 
families of [Cnmpyr]+ plastic crystals / ionic liquids. When coupled 
with the [BF4]- anion, [Cnmpyr]+ (when n = 1, 2, 3) exhibited several 
solid-solid transitions, signifying plastic crystal behavior, but not 
when n = 4, in which case it is a solid, but without solid-solid 
transitions 80. The pyrrolidinium cation (fig. 2.9) was also confirmed 
to form organic ionic plastic crystals with [ClO4]- and [PF6]- anions, 
with translational and rotational motion of these ions, detected by 
nuclear magnetic resonance techniques, associated with the solid-
solid phase transitions 81.  Compared to its [TFSI]- analogues, [FSI]- 
was recently shown to form ILs with better solvation of Li+ ions, 
lower viscosity and less Al corrosion 82, 127, though with lower 
thermal stability 128. Recently, the plastic crystal, [C2mpyr][FSI] was 
discovered with a wide plastic phase I range from -22 °C to 205 °C 
(fig. 2.10) 11, whereas longer chain, [C3mpyr]+, resulted in a quite 
conductive and widely studied ionic liquid, with a conductivity of 6.5 
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× 10-3 S cm-1 at 25 °C 129. [C2mpyr][FSI] is the principal material 
studied in this thesis and will be introduced in more detail later. 
 
Fig. 2.10 DSC of [C2mpyr][FSI] during the 1st heating. Reprinted with 
permission from ref. 11. Copyright © 2014, The Chemical Society of 
Japan. 
 
Quaternary ammonium OIPCs 
 
[Me4N][DCA] has a relatively high conductivity in phase I, above 10-
3 S cm-1, although the temperature range for phase I is too high, 
from 145 °C to 177 °C 130. A new family of bis-quaternary 
ammonium, like [C2(N2,2,1)2][TFSI] was also identified to exhibit 
plastic crystal behavior 131, although with a low conductivity in the 
range from 10-10 to 10-7 S cm-1 at 25 °C.  
 
Phosphonium OIPCs 
 
Like ammonium, phosphonium cations are commonly found in ionic 
liquids although these are a more recent discovery. A family of 
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quaternary ammonium and phosphonium TFSI ionic liquids were 
identified containing three ethyl groups and another side-chain alkyl 
groups, like C5H11, C8H17, C12H25, CH2OCH3, CH2CH2OCH3  132. 
More ILs were discovered later, including [P1224]+ with [FSI]-, [TFSI]-, 
[DCA]-, [P1444][TFSI], [P2224][FSI] 73. A series of OIPCs were 
revealed in the same study, including [P1224]+ with [PF6]-, [BF4]-, 
[SCN]-; [P1224]+ with [FSI]-, [TFSI]-; [P2224][TFSI]; [P1444]+ with [PF6]-, 
[FSI]-, [BF4]-, [SCN]-. Phase-dependent conductivities (significant 
jumps in conductivity across solid-solid phase transitions) were 
observed in these OIPCs, and [P1224][SCN] had the highest solid 
state conductivity, approaching 10-3 S cm-1 at 40 °C. Another highly 
conductive [P2222(FH)2F] which melts at 60 °C was reported with a 
conductivity above 10-3 S cm-1 at 50 °C (phase I) and 10-5 S cm-1 at 
25 °C (phase II) 133. [P111i4][TFSI] is also a plastic crystal 113, 
although with a high entropy of melting of 45 J mol-1 K-1, thus is an 
example of the expanded Timmermans’ criterion.  
As an example of the transport mechanism of OIPCs, theoretical 
molecular dynamic and experimental studies have been performed 
to elucidate the specific rotational and translational motion of the 
cations and anions in [P1,2,2,4][PF6] 6, 134. Fig. 2.11 shows the DSC 
trace, and the increase of conductivity with temperature for 
[P1,2,2,4][PF6]. It undergoes three solid-solid transitions. With 
increasing temperature, the plastic crystal changes from phase IV, 
to phase III, to phase II, to phase I, before finally melting at 150 °C. 
Interestingly, the conductivity jumps up at each transition, 
exemplifying the phase-dependent ion conduction 6. 
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Fig. 2.11 The DSC trace and conductivity increasing with temperature of 
a typical OIPC, [P1,2,2,4][PF6]. Reprinted with permission from ref. 6. 
Copyright © 2012, American Chemical Society. 
 
The suggested molecular motions of this plastic crystal are shown 
in fig. 2.12. When it changes through phase IV, III, II, and I, the 
rotating groups of the cation increases from only the methyl and 
ethyl in phase IV to the whole cation in phase III. These are able to 
tumble and diffuse in phase I. The anion is tumbling at a lower 
temperature, in phase IV, and diffusing from phase II 6. Further 
molecular dynamics simulation studies 134 of this system proposed 
that the cation was not simply rotating, but involved in a crankshaft 
motion around the methyl, ethyl, and isobutyl groups in the high 
temperature phase.  
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Fig. 2.12 Schematic of the molecular motions in phase IV, III, II, and I of 
[P1,2,2,4][PF6]. Reprinted with permission from ref. 6. Copyright © 2012, 
American Chemical Society. 
 
Imidazolium OIPCs 
 
A series of dicationic imidazolium OIPCs were identified in the class 
of 1,2-bis[N-(N’-hexylimidazolium)] coupled with Br- and PF6- 
anions. 135 The linker between the two imidazolium rings must be 
ethylene to form a plastic crystal. The ionic conductivities of this 
class of OIPCs were relatively low, in the range 10-10 to 10-14 S cm-
1 at 30 °C. 135 In a subsequent study, the grain boundary transport 
of the anion was determined to account for most of the ionic 
conductivity in the 1,2-bis[N-(N’-hexylimidazolium-d2(4,5))]ethane 
2PF6- , whose structure was shown in fig. 2.13 136.  
 
Fig. 2.13 The synthesis route of 1,2-bis[N-(N’-hexylimidazolium-
d2(4,5))]ethane 2PF6-. Reprinted with permission from ref. 136. Copyright 
© 2014, American Chemical Society. 
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Sulfonium OIPCs 
 
The sulfonium based compounds, [S111][FSI] and [S112][FSI] were 
also reported to exhibit solid-solid phase transitions and a low 
entropy of melting (<9 J K-1 mol-1) 74 with melting points at 132 and 
105 °C, respectively. Ionic conductivities were not reported.  
 
2.5 OIPC with Li salt doping as electrolytes 
 
Much effort has been expended to try to use plastic crystals as 
electrolytes in batteries, and the primary requisite is to increase 
their ionic conductivity to get efficient target ion transport; a 
minimum of 10-3 S cm-1 at room temperature has been suggested 
for practical battery operation 89. In the past, only low content of Li 
salt, no more than 10 mol%, was mixed with OIPCs and thus given 
the name “doping”. Recently, OIPCs containing high concentration 
of Li salt, from 10 mol% to even 50 mol%, are attracting attention 
owing to their unique electrochemical properties. This was 
discussed in section 2.2.5. In 1999, only 0.89 mol% Li[TFSI] salt 
doping was found to remarkably increase the ionic conductivity of 
[C2mpyr][TFSI] by 20 fold – to up to 2 × 10-4 S cm-1 at 25 °C 9. 
Further research indicated lithium ion conduction was the primary 
cause of this enhancement, through the introduction of more mobile 
charge carriers and the formation of a conductive liquid phase at 
this temperature 137. This finding is meaningful because it is the Li+, 
not the pyrrolidinium cation, which is needed to support the charge 
and discharge of a rechargeable lithium ion battery. Thus, the 
majority of the ionic conductivity contributed by Li+ is desirable, 
which also means a high Li+ transference number, that is, a large 
portion of charge carried by Li+ during transport. 
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Alternatively, a liquid phase conduction mechanism, originating 
from a eutectic composition, was proposed as another mechanism 
for the resulting high conductivity achieved with only a 1 mol% 
lithium salt doping through investigation of the [Et4N][TFSI] – 
Li[TFSI] system 138.  
This lithium salt doping method was also adopted to improve the 
conductivity of many other OIPC systems 61, 137, 139-143. Generally, 
the lithium salt used shared the same anion with the plastic crystal 
and the Li+ was considered to substitute the latter’s cation within 
the lattice in a state of solid solution. A mutual broadening and 
decrease of melting points and reduction of melting entropies of the 
plastic crystal were observed in the system of [C2mpyr][TFSI] 137, 
[DEMPyr][TFSI] 144,  [N1223][CF3-BF3] 143, [C2mpyr][FSI] 145, 
[C1mpyr][BF4] 142, [P1444][FSI] 139. Moreover, in some cases, at a 
certain Li salt concentration, a new Li-rich phase was formed, 
although the structure of the phase is yet to be resolved, such as 
the newly formed [C2mpyr][TFSI] / LiTFSI (molar ratio 3 : 1) 137. This 
phenomenon was also observed in the [C2mpyr][FSI] / LiFSI 
system studied in this thesis. 
A new lithium-enriched phase was also identified by DSC and XRD 
within 4 mol% LiFSI doped into [P1444][FSI], which melted before 
the plastic crystal, and thus helped the mixture to achieve a 
relatively high conductivity, at 2.6 × 10-3 S cm-1 at 22 °C, while the 
mixture was still in a solid state 139.  
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2.6 OIPC-polymer composites as solid electrolytes 
 
Solid state electrolytes are essential to the development of safe, 
easily-handled all solid state batteries. The composites developed 
in this thesis are self-standing membranes of polymer / organic 
ionic plastic crystal / lithium salt. OIPCs are usually waxy or 
powdery solids and cannot form a free-standing and flexible 
membrane alone. Thus, the combination of OIPC and polymer 
could be a viable way to promote their individual advantages. It has 
been discovered that the introduced polymer is not simply an 
additive, but renders some complex interfacial reaction between 
the polymer and the OIPC. 10  
Some initial research has been undertaken into the unusual 
conductivity behavior with the presence of the polymer and the new 
ion conduction mechanism of the composite electrolyte, which 
becomes even more complex with further lithium salt doping 10, 146, 
147. These early studies form the basis for the research undertaken 
within this thesis.  
In one study 148, 2 wt% of amorphous polymer PEO was added into 
an OIPC, [C3mpyr][BF4], to study the morphology change, 
conduction and phase behavior of the newly formed solid 
composites. PEO and [C3mpyr][BF4] were mixed, melted, then 
cooled to solidify and dried to prepare the composites. 
PEO was found to lower the melting point of neat [C3mpyr][BF4], 
but did not alter its solid-solid transition temperatures. In terms of 
conductivity, compared to neat [C3mpyr][BF4], binary PEO / 
[C3mpyr][BF4] greatly decreased it, while ternary PEO / 
[C3mpyr][BF4] / LiBF4 increased it significantly, although only in the 
phase I region, as shown in fig. 2.14. Evidenced with the optical 
micrographs, PEO was suggested to reside in the grain boundary 
region of [C3mpyr][BF4] and ultimately block ion transport and lower 
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its conductivity. Another 2 wt% of LiBF4 doping greatly increased 
the conductivity – it is believed that some of the Li+ and BF4- formed 
complexes with PEO in the grain boundary region so that PEO was 
no longer a barrier to the ion conduction 148. This hypothesis was 
further confirmed with the solid-state NMR analysis of line shapes 
(static NMR) and diffusion coefficient measurements. 
 
Fig. 2.14 Ionic conductivities for [C3mpyr][BF4], 2 wt% LiBF4 / 
[C3mpyr][BF4], 2 wt% PEO / [C3mpyr][BF4], and 2 wt% PEO / 2 wt% LiBF4 
/ [C3mpyr][BF4]. The “P13” in the figure legend equals to “[C3mpyr]”. 
Reproduced from ref. 148 with permission of The Royal Society of 
Chemistry. 
 
In the previous study 148, the complexation effects of PEO with 
lithium salt make the study of the transport mechanism of Li ions 
complicated. To verify the effect of the polymer, another polymer 
 52 
 
PVP, replacing the above PEO, with the same Li salt, were added 
to the same OIPC, [C3mpyr][BF4] 147. The composites were 
prepared in the same way with PEO composites.  
It was found that the grain structures originally present in the neat 
[C3mpyr][BF4] and Li-doped [C3mpyr][BF4] were absent in the 
ternary Li-doped [C3mpyr][BF4] - PVP composites in the optical 
micrographs.  All of the 2 wt% PVP, 2 wt% LiBF4 and 2 wt% PVP - 
2 wt% LiBF4 systems had higher conductivities compared with the 
pure [C3mpyr][BF4] 148. The binary 2 wt% PVP - [C3mpyr][BF4] 
composite reached a conductivity of 2.1 × 10-4 S cm-1 at 37 °C, 
compared with the 4.9 × 10-7 S cm-1 of [C3mpyr][BF4]. The contrast 
in behavior - PEO decreased the conductivity of [C3mpyr][BF4], 
while PVP increased it - was explained as a disordering effect by 
the partial dissolution of PVP into the [C3mpyr][BF4] crystalline 
structure that promoted anion motion. However, PVP hindered the 
motion of Li+ and [C3mpyr]+, so the polymer-free, 2 wt% LiBF4 
doped [C3mpyr][BF4] showed the highest conductivity.  
The composites used in the above research were prepared by 
melting the polymer and plastic crystal together. Electrospun 
nanofibers with lower density, higher pore volume, and a much 
higher surface area-to-volume and aspect ratio, thought to be 
crucial to charge transfer, have been shown to lead to composite 
electrolytes with improved performances. Nanofiber electrodes 
also exhibit advantages such as enhanced electronic and ionic 
conductivity, improved cycling stability and ease of preparation. 149 
A solvent casting procedure was developed to prepare composites 
of plastic crystal and electrospun nanofibers, as shown in fig. 2.15. 
The OIPC was dissolved in a solvent, then cast onto the 
electrospun polymer mats. The resulting mats were dried and 
pressed to obtain free-standing membranes. 
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Fig. 2.15 The solvent casting and pressing procedure for preparing 
composites with OIPC and electrospun nanofibers. Reproduced from ref. 
150 with permission of The Royal Society of Chemistry. 
 
The first application of OIPC - electrospun nanofiber electrolytes 
utilized Li / LiFeO4 cells using [C2mpyr][BF4] - 10 mol% LiBF4 – 
PVdF composites 150. The self-standing, flexible, thin membrane 
electrolyte thus formed successfully supported stable cell cycling 
with a capacity over 100 mAh g-1 thanks to the improved 
conductivity and good mechanical properties of the composite 
membranes. The OIPC, [C2mpyr][BF4] was uniformly distributed 
throughout the matrix PVdF and exhibited spheroidal morphologies 
upon LiBF4 doping. An order of magnitude enhancement of 
conductivity was achieved by the addition of PVdF from the neat 
[C2mpyr][BF4]. However, compared to the 10 mol% LiBF4 doped 
[C2mpyr][BF4], the ternary [C2mpyr][BF4] - 10 mol% LiBF4 - PVdF 
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only exceeded the conductivity in the phase II region, not in the 
phase I region.  
The ionic conductivities of neat [C2mpyr][BF4], LiBF4 doped 
[C2mpyr][BF4], [C2mpyr][BF4] - PVdF composite, and LiBF4 doped 
[C2mpyr][BF4] - PVdF composite are shown in fig. 2.16. Briefly, 
PVdF nanofibers greatly increased the conductivity of 
[C2mpyr][BF4]. Compared to neat [C2mpyr][BF4] and [C2mpyr][BF4] 
- PVdF composite, the presence of another 10 mol% of LiBF4 
boosted the conductivity of the former system, but lowered the latter. 
In the case of the LiBF4 doped [C2mpyr][BF4] (i.e., without fibers), a 
new second phase was found to appear at the grain boundary 
region and blocked ion conduction in phase II, which dissolved in 
the phase I temperature region, hypothesized to result in an 
increased concentration of mobile pyrrolidinium cations. This 
explained the lower conductivity of LiBF4 doped [C2mpyr][BF4] at 
phase II and higher conductivity at phase I, compared to neat 
[C2mpyr][BF4]. For the ternary mixture, LiBF4 - [C2mpyr][BF4] - 
PVdF, PVdF hindered the generation of the second phase that was 
present in LiBF4 - [C2mpyr][BF4], removing the ion conduction 
barrier in phase II. In phase I, its conductivity was essentially 
constant with temperature, which may be due to the polymer-ion 
interaction that limited ionic motion 10.  
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Fig. 2.16 The ionic conductivities vs temperature for a) neat [C2mpyr][BF4] 
and LiBF4 doped [C2mpyr][BF4], b) neat [C2mpyr][BF4] and [C2mpyr][BF4] 
- PVdF composite, c) both LiBF4 doped [C2mpyr][BF4] and [C2mpyr][BF4] 
- PVdF composite, d) [C2mpyr][BF4] - PVdF composite with and without 
LiBF4 doping. Reproduced from ref 10 with permission of The Royal 
Society of Chemistry. 
 
From the above studies, the interactions between the plastic crystal 
and polymer were found to be important to the ion transport. The 
molecular interaction of the [C2mpyr][BF4] and PVdF has also been 
studied in novel co-electrospun composites 151. To make these new 
composites, [C2mpyr][BF4] and PVdF were dissolved in a common 
solvent and used as the electrospinning solution. The electrospun 
PVdF nanofibers showed relatively uniform fiber diameter 
distribution. When [C2mpyr][BF4] was added to the electrospinning 
solution, the resultant composite showed differentiated fiber 
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diameters, caused by the altered electrostatic conditions during 
electrospinning when the ionic conductive [C2mpyr][BF4] was 
added. Interestingly, the [C2mpyr][BF4] was in an amorphous state 
in the electrospun composite with no solid-solid transitions detected. 
The crystalline structure of [C2mpyr][BF4] was disrupted by the 
PVdF nanofibers and the conductivity of the co-electrospun 
composites was greatly enhanced compared to neat [C2mpyr][BF4].  
PVdF is a polymer with polymorphs, including α, β, γ, δ and ε 
phases depending on the polymer chain conformations 152. FTIR 
results revealed that the strong dipole interaction between the 
plastic crystal and the polymer induced the complete polar β phase 
transformation of PVdF. In contrast, electrospun PVdF fibers 
contain mostly β phase and small amount of α phase, which were 
used to prepare fiber composites discussed in chapter 4 and 5. 
Another hyperbranched polymer, dendrimer D4 (bis-MPA Polymer, 
generation 4), was applied to the same [C2mpyr][BF4] - LiBF4 
system to investigate its influence on the ionic conduction and 
phase transitions 146. As shown in fig. 2.17, the addition of 
dendrimer only had a small effect on the conductivity of the neat 
[C2mpyr][BF4]. For the 10 mol% LiBF4 doped [C2mpyr][BF4], the 
addition of the smallest amount, 0.1 mol%, of dendrimer resulted in 
much higher conductivity. The addition of 1 mol% of dendrimer only 
enhanced conductivity in the phase II region. The optical 
micrographs in fig. 2.18 revealed the uniform distribution of 
dendrimer within [C2mpyr][BF4]. The grain structures of 
[C2mpyr][BF4] were significantly disrupted and even showed a 
dendritic structure in the 1 mol% dendrimer-containing composite. 
Further DSC results indicated that a very small amount of 
dendrimer, 0.1 mol%, could effectively hinder the crystallization of 
the plastic crystal, thus boosting the conductivity of LiBF4 doped 
[C2mpyr][BF4]. More dendrimer, 1 mol%, suppressed the formation 
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of the more conductive second phase that was present in the LiBF4 
doped [C2mpyr][BF4]. This phase behavior was further confirmed 
with the powder x-ray diffraction. 
 
 
Fig. 2.17 The ionic conductivities vs temperature of a) [C2mpyr][BF4], 
[C2mpyr][BF4] - 0.1 mol% dendrimer, [C2mpyr][BF4] - 1 mol% dendrimer, 
b) [C2mpyr][BF4] - 10 mol% LiBF4, [C2mpyr][BF4] – 10 mol% LiBF4 - 0.1 
mol% dendrimer, [C2mpyr][BF4] - 10 mol% LiBF4 - 1 mol% dendrimer. 
Reproduced from ref 146 with permission of The Royal Society of 
Chemistry. 
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Fig. 2.18 Optical micrographs (a, b, c) and SEM (a’, b’, c’) of (a, a’) pure 
[C2mpyr][BF4]; (b, b’) [C2mpyr][BF4] - 0.1 mol% dendrimer;  (c, c’) 
[C2mpyr][BF4] – 1 mol% dendrimer. The red lines show the hexagonal 
lattice formed by the dendrimer / [C2mpyr][BF4] composite. Reproduced 
from ref. 146 with permission of The Royal Society of Chemistry.  
 
In summary, the previous studies revealed that in some specific 
OIPC - polymer composite systems, the complex interactions at the 
molecular level between the OIPC and polymer brought about 
fundamental changes of the properties of the materials. 
Nonetheless, there is still limited knowledge of the influences of 
bulk polymer or polymer nanofibers or other morphologies on the 
phase behavior and ionic conduction in OIPCs. In addition, few 
studies of the electrochemical properties of OIPC - polymer 
composite electrolytes have been carried out. Nor has any post-
mortem analysis been performed on cells using the OIPC - polymer 
composites to understand the cycling behavior. Specifically, on the 
recently discovered promising material, [C2mpyr][FSI], there has 
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been no studies of the phase behavior with different contents of 
LiFSI. It is not clear how the concentration of LiFSI, the presence 
of PVdF nanofibers and the morphology of the polymer influence 
the transport properties of [C2mpyr][FSI]. Furthermore, what are the 
factors affecting the cycling performance of the cells, the 
transference number and the SEI? To further understand these 
important effects, the experimental studies in chapters 4, 5, 6, and 
7 were completed. 
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3 
CHAPTER 3 EXPERIMENTAL METHODS 
 
3.1 Material preparation procedures 
 
 [C2mpyr]Br + KFSI → [C2mpyr][FSI] + KBr                    Equation 3.1 
 
 
Fig. 3.1 The structure of [C2mpyr][FSI]. 
 
[C2mpyr][FSI] was synthesized as follows: 9.73 g (0.05 mol) of 
[C2mpyr]Br (Sigma Aldrich, ≥ 99% purity) and 12.05 g (0.055 mol) 
of KFSI (Suzhou Fluolyte, ≥ 99.9% purity) were separately 
dissolved in distilled water. The KFSI solution was then added 
dropwise into the [C2mpyr]Br solution. [C2mpyr][FSI] was obtained 
as a waxy white solid after the water was removed with rotary 
evaporation. For purification, [C2mpyr][FSI] was first dissolved in 
acetone (Scharlau HPLC grade), and filtered, and the acetone then 
removed by rotary evaporation. To further remove any KBr impurity, 
the [C2mpyr][FSI] was dissolved in distilled water by heating at 
80 °C. The solution was put in the refrigerator for an hour to 
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recrystallize the [C2mpyr][FSI]. After that, the clear liquid was tested 
with AgNO3 solution. A precipitate indicated the existence of Br- and 
the solid was separated from the water. This recrystallization 
process was repeated six times until there was no precipitate when 
testing with AgNO3 solution. In the end, 9.99 g (0.034 mol) of 
[C2mpyr][FSI] was dried under vacuum on a Schlenk line at 50°C 
for over 48 hours and then stored in an argon glovebox. The yield 
was 68%. An elemental analysis of the synthesized [C2mpyr][FSI] 
was presented in table 3.1. The differences between the observed 
and theoretical weight percentage for carbon, hydrogen, and 
nitrogen were 0.50 %, 0.21 % and 0.04 %, respectively. 
 
 
Table 3.1 The elemental analysis of the synthesized [C2mpyr][FSI].  
 
Element 
Theoretical 
( wt%) 
Observed 
(wt%) 
Difference 
( wt%) 
C 28.58 28.08 0.50 
H 5.48 5.27 0.21 
N 9.52 9.48 0.04 
F 12.91 - - 
O 21.74 - - 
S 21.76 - - 
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The PVdF fibrous membranes used in this study were prepared by 
electrospinning, which is one of the most effective techniques for 
large scale production of nano-fibers 153. Electrospinning is also 
easily reproducible with controlled parameters. The set up is also 
simple and straightforward and easy to maintain. 153  
Typically, the preparation procedure was as follows: 10 wt% PVdF 
(KF850, Kureha Chemicals, Japan) was dissolved into a mixed 
solvent N, N-dimethylformamide (DMF) and acetone (1 : 1 by 
volume) and the solution was transferred to a 10 mL syringe, which 
was then connected to a needle (Terumo, 20G × 1.5''). The 
horizontal distance between the tip of the needle and the rotating 
drum was 20 cm, the voltage was 20 kV, solution feed rate at 0.8 
mL h-1. The fibers were deposited onto an aluminum foil covered 
and grounded rotating drum and the electrospinning time was 
around 30 minutes.  
Composites comprising OIPC, lithium salt, and electrospun fibers 
were prepared by solvent casting following procedures described 
previously 150. The solvent casting solution was uniformly stirred. It 
also had good wetting of the electrospun fibers, which ensured the 
homogeneity of the resulting composites. A photograph of the 
flexible, solid, and free-standing [C2mpyr][FSI] - 10 wt% PVdF - 
10 mol% LiFSI composite electrolyte is shown in fig. 3.2. For the 10 
mol% LiFSI-doped composites with different contents, the sample 
descriptors show the weight percentage of PVdF as the percentage 
of the weight of PVdF to the total weight of [C2mpyr][FSI] and PVdF 
(not including any Li salt present), and the mole percentage of LiFSI 
given is the percentage of the moles of LiFSI to the total moles of 
[C2mpyr][FSI] and LiFSI (not including any PVdF present). 
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Fig. 3.2 The flexible, solid, free-standing [C2mpyr][FSI] - 10 wt% PVdF - 
10 mol% LiFSI composite electrolyte. 
 
 
 
Fig. 3.3 Schematic of the procedures for preparing composite 
membranes of 50 mol% LiFSI-containing plastic crystal and electrospun 
nanofibers. 
 
For the 50 mol% LiFSI-containing composites, due to the 
[C2mpyr][FSI] - 50 mol% LiFSI systems’ formation of a liquid phase, 
an annealing procedure was added following the solvent casting 
procedure, as shown in fig. 3.3. As the 50 mol% LiFSI in 
[C2mpyr][FSI] composition gave a homogeneous liquid, this 
concentration was selected for composite preparation in chapter 5 
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to ensure a uniform conductive phase distribution. The composite 
electrolytes were prepared by solvent casting the Li-containing 
plastic crystal onto the electrospun PVdF sheets. The nanofibers 
were swollen by the plastic crystal solution. The resulting 
electrolytes were free-standing, without apparent liquid leakage, as 
shown in fig. 3.3.  
In more detail, firstly, 50 mol% LiFSI (CoorsTek, Inc.) was added to 
the OIPC, [C2mpyr][FSI], which is a waxy solid at room temperature; 
the solids were then dissolved into acetonitrile, which was 
subsequently removed under vacuum (< 3 mbar) on a Schlenk line 
at 50 °C for 48 hours. After drying, 50 mol% LiFSI in [C2mpyr][FSI] 
was a colorless, viscous liquid as shown in fig. 3.3. This liquid was 
dissolved in dry methanol, with the concentration varied to achieve 
composites with different weight contents of electrospun PVdF. 
After stirring, the solutions were cast dropwise onto weighed 
electrospun PVdF sheets (50 μL of solution for each sheet). After 
casting, the PVdF sheets were heated on a hotplate at 40 °C for 10 
minutes to remove the solvent. They were then transferred into an 
Argon glovebox and annealed at 110 °C for 2 h. After drying the 
annealed sheets at 50 °C in a vacuum oven overnight, the sheets 
were pressed at 0.25 ton while sealed in an Argon-filled bag. The 
resulting composite membranes were carefully peeled from the Al-
foil backing and further dried at 50 °C in a vacuum oven overnight 
before use.  
For the composites containing 50 mol% LiFSI, the sample 
descriptors show the weight percentage of PVdF as the 
percentage of the weight of PVdF to the total weight of the 
composite, and the mole percentage of LiFSI given is the 
percentage of the moles of LiFSI to the total moles of [C2mpyr][FSI] 
and LiFSI (not including any PVdF present). 
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3.2 Physico-chemical properties 
3.2.1 Differential scanning calorimetry (DSC) 
 
Differential scanning calorimetry is a powerful and precise 
technique to study the thermal behavior of a certain mass of 
material by quantifying the heat transfer of the sample required to 
keep the sample and reference at the same temperature when the 
temperature of the sample holder is increased / decreased at a 
constant rate. The heat difference comes from the exothermic or 
endothermic processes undergone by the sample when heated or 
cooled. These processes are in fact reflections of heat capacity 
change of the material as a result of the phase transition, glass 
transition, crystallization, curing, or melting. In this study, a Mettler 
Toledo Differential Scanning Calorimeter system was used. In an 
argon glovebox, vacuum-dried, weighed samples were mounted 
and sealed in an Al pan. An empty Al pan was used as the 
reference. The sample was firstly cooled to -95 °C, then it was 
heated to 25 °C - this temperature range was adopted to avoid 
melting of PVdF and decomposition of the [C2mpyr][FSI] upon 
melting 11. After that, the sample was cooled to -95 °C and then 
heated to 230 °C. This temperature range was adopted as it 
covered the final melting of plastic crystal. The heating and cooling 
rate was 10 °C min-1. Data were normalized to the weight of the 
plastic crystal. The error for temperature measurements was ± 
1 °C. The error for entropy change was ± 10%. 
 
3.2.2 Scanning electron microscopy (SEM) 
 
Scanning electron microscopy produces images of the surface of 
the sample through the interaction between a beam of electrons 
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and the surface atoms of the sample. There are various kinds of 
signals produced from the interaction including secondary 
electrons, back-scattered electrons, X-ray, transmitted electrons, 
etc., while it is usually the secondary electrons that are detected to 
produce images. In this study, a JEOL Neoscope JCM-5000 
Benchtop Scanning Electron Microscope SEM was used to 
examine the surfaces of the composites. The composites were 
mounted onto a copper tape covered stub and transferred to 
vacuum chamber. A JEOL IT300 InTouchScopeTM SEM was used 
for “post-mortem” characterization of Li surfaces. Both SEMs were 
set at high vacuum and 5 kV accelerating voltage. For the post-
mortem analysis, the metallic Li electrodes were removed from the 
dismantled cycled Li cells, washed with dimethyl carbonate, and 
then mounted onto a home-made load-lock, hermetically sealed 
stainless steel chamber and taken to the SEM chamber. Different 
sections of the samples were examined to get a more realistic 
representation of the morphologies. 
 
3.2.3 Solid state nuclear magnetic resonance (Solid state NMR) 
 
NMR spectra are generated by recording the response to 
radiofrequency radiation when the samples are placed in strong 
magnetic fields. 154 The spectra are determined by radiofrequency 
pulsing regime, spin properties and the interactions of the spins. 
For a single-pulse static sample, the results of NMR are interpreted 
using the full width at half maximum (FWHM) on the basis that the 
local motion of the atoms tend to decrease the dipolar coupling and 
cause line shape narrowing 154. In liquid NMR, the isotropic solution 
will average the anisotropic molecular interactions and mobility, but 
there is no averaging of different molecular mobility in rigid solid 
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samples. A typical solid state 1H NMR of an organic ionic plastic 
crystal is shown in fig. 3.4. It is clearly shown that in phase III, II, 
and I, there were narrow peaks superimposed onto the wide peaks. 
The narrow component came from the mobile parts of the plastic 
crystal, while the broad component arose from the rigid parts.  
In this study, solid-state NMR experiments were performed on a 
Bruker AVANCE III 300 or 500 MHz wide bore solid-state NMR 
spectrometer. A 4 mm magic angle spinning (MAS) probe was used 
to record the NMR spectra from stationary powder samples. For 
[C2mpyr][FSI] - 10 mol% LiFSI, [C2mpyr][FSI] - 10 wt% PVdF -10 
mol% LiFSI, spectra of various nuclei including 1H, 19F, and 7Li were 
measured at -50 °C and 20 °C, which correspond to phase II and 
phase I, respectively. For [C2mpyr][FSI], [C2mpyr][FSI] - 50 mol% 
LiFSI and 8 wt% PVdF - 92 wt% ([C2mpyr][FSI] - 50 mol% LiFSI), 
static 1H, 7Li, 19F NMR spectra from -50 °C to 150 °C were collected. 
The sample was equilibrated for 120 s at each temperature point. 
A Gaussian / Lorentzian function was used to fit the curves and 
calculate the full width at half maximum, which has been widely 
used in literature to qualitatively study the mobility of molecules and 
ions 155. The NMR experiments were carried out with the help of Dr. 
Haijin Zhu.  
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Fig. 3.4 1H NMR spectra of [P1444][FSI] in phase I, II and III. Reproduced 
from ref. 156 with permission of The Royal Society of Chemistry. 
 
All sample preparation was performed in an Argon atmosphere 
glovebox. The samples were loaded into separate vials, which were 
capped and sealed tightly with parafilm. The vials were put into a 
purpose-designed load-lock chamber for loading air-sensitive 
samples and transferred to the NMR spectrometer laboratory 
glovebox and mounted into NMR tubes and capped. Then the NMR 
tubes were removed from the glovebox and measured.  
The sample temperatures for the variable temperature NMR 
experiments were calibrated with lead nitrate. The 209Pb chemical 
shift anisotropy (CSA) powder patterns of the lead nitrate were 
analyzed by Topspin to obtain the isotropic chemical shifts (CS). 
The obtained (referenced) 209Pb CS values were then translated to 
the real sample temperature using a reference curve 157. Prior to 
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acquiring data the probe has been shimmed with H2O (1H FHWM 
< 10 Hz).  
The Li diffusion coefficients of 200 and 362 nm PVdF based 60 wt% 
PVdF - 40 wt% ([C2mpyr][FSI] - 50 mol% LiFSI) composites were 
determined with pulsed field gradient stimulated spin-echo nuclear 
magnetic resonance (PFGSTE-NMR) 158, 159 spectroscopy 
experiments. The Bruker 300 MHz spectrometer was fitted with a 
Diff30 diffusion probe and an amplifier. The measurements were 
performed every 10 °C from 20 to 70 °C. 
 
3.2.4 Synchrotron X-ray powder diffraction (SXPD) 
 
X-ray powder diffraction is a useful tool to obtain structural 
information of crystalline materials.  After the interaction of the X-
rays with the crystalline planes of the sample, the diffracted X-rays 
are detected and counted, then plotted as a function of the 
diffraction angle, rendering some peaks when the Bragg’s law is 
satisfied. Much information can be retrieved from this plot. Peak 
positions reflect the size and shape of the Bravais cell, while their 
intensities are determined by the atomic positions. The size and 
strain of the crystal can be analyzed through the peak widths. 
Background noise may show the short range order condition of the 
sample material. To obtain good plots with low signal / noise ratio, 
the key is to provide monochromatic X-rays with high intensity and 
resolution. Synchrotron radiation is the best choice. Flying almost 
at the speed of light, electrons produce strong electromagnetic 
radiation when deflected in a magnetic field, which is the so-called 
synchrotron light. This light is highly brilliant, polarized, collimated, 
tunable, and ideal for X-ray diffraction.  
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In this study, variable temperature XRD for pure [C2mpyr][FSI], 
[C2mpyr][FSI] - 10 mol% LiFSI, [C2mpyr][FSI] - 20 wt% PVdF, and 
[C2mpyr][FSI] - 20 wt% PVdF - 10 mol% LiFSI, [C2mpyr][FSI] - 
50 mol% LiFSI, 8 wt% PVdF - 92 wt% ([C2mpyr][FSI] - 50 mol% 
LiFSI) fiber composites, and  60 wt% PVdF – 40 wt% ([C2mpyr][FSI] 
- 50 mol% LiFSI) powder composites were performed at the powder 
diffraction beamline at the Australian Synchrotron. Samples were 
loaded and sealed into 0.3 mm low x-ray adsorption borosilicate 
glass capillaries (Charles Supper Company) inside the argon glove 
box. The radiation wavelength was refined by using the standard 
reference LaB6 660b NIST material and set at 0.999522(2) Å. The 
temperature ramp rate was 6 °C min-1, spanning from -100 to 
100 °C. An equilibration time of two minutes was applied at each 
temperature point prior to acquisition. The acquired data from two 
detectors were merged together and normalized before being 
plotted. The rietveld refinement and fitting of the diffraction data 
were performed with software GSAS-II 160 based on the least 
square theory. 
 
3.3 Electrochemical properties 
3.3.1 Electrochemical impedance spectroscopy (EIS) 
 
Electrochemical impedance spectroscopy measures the 
impedance of an electrochemical cell by applying a constant 
potential to it and measuring the corresponding current. Then the 
impedance is calculated as the quotient of the voltage and the 
current, which is a complex number. The real part and imaginary 
part of the complex number are plotted on the X and Y-axis of a 
chart, respectively, to obtain a “Nyquist Plot”, as shown in fig. 3.5. 
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In this semi-circle, the vector │Z│ represents an impedance at its 
corresponding frequency. The zero-frequency intercept R is the 
electrolyte impedance. The ionic conductivity of the electrolyte can 
be calculated as follows: 
 
𝜎 = 𝑅
𝐴
𝜄
 
 
Where R is the electrolyte impedance, A is the area of the electrolyte 
pellet, and 𝜄 is the thickness of the electrolyte pellet. 
  
Impedance measurements were performed on a Solartron Modulab 
system driven by Modulab MTS software. The samples were 
vacuum-dried for 48 hours and mounted into an in-house designed 
airtight barrel cell employing polished stainless steel electrodes. 
Measurements were acquired every 10 °C from -40 °C to 100 °C. 
The samples were equilibrated for 30 minutes at each temperature 
point. The frequency range applied was from 1 MHz to 50 mHz. 
The temperature was controlled using a Eurotherm 2204e 
temperature controller with a tubular Helios furnace with a ceramic 
heater. Cooling was achieved with liquid nitrogen and vermiculite 
insulation. The conductivity measurement was repeated on 
duplicate samples.  
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Fig. 3.5 A typical “Nyquist plot” formed by plotting the real part and 
imaginary part of the complex impedance on the X and Y-axis, 
respectively. Touchdown point R on X-axis is the electrolyte impedance. 
Reprinted from 161. “Electrochemical impedance spectroscopy and its 
applications, General Method of Obtaining Impedance of Complex 
Reactions, 1999, p. 143-248, A. Lasia, Copyright © 2014, Springer 
Science+Business Media New York, with permission of Springer”. 
 
3.3.2 Linear sweep voltammetry (LSV) and cyclic voltammetry (CV) 
 
For LSV and CV measurements, 2032 type coin cells with stainless 
steel working electrodes and Li foil reference and counter 
electrodes were used with a BioLogic VMP3 multichannel 
potentiostat driven by EC-Lab software. The scan rate was 10 mV 
s-1. The voltage range was from 1 to 6 V vs Li+/Li for LSV and -0.5 
V to 5 V vs Li+/Li for CV. The columbic efficiencies of the CVs were 
calculated as the ratio of the integral of current vs time for Li 
stripping to the integral of current vs time for Li deposition for each 
cycle 162. 
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3.3.3 Transference number measurement 
 
The lithium ion transference number was measured with the classic 
Bruce-Vincent method. 163 The chronoamperometry technique was 
adopted, that is, to measure the current response of the 
symmetrical cell to an applied potential until the current became 
stable, as shown in fig. 3.6. Two duplicate cells were measured. 
This response reflected the target ion concentration gradient in the 
vicinity of the surface. The interfacial impedances before and after 
current stabilization, R0 and Rs, were also recorded.  
The transference number is calculated as:  
 
t(Li+) = [Is(ΔV - I0R0)] / [I0(ΔV - IsRs)] 
 
Where I0 is the initial current, R0 is the initial impedance, Is is the 
stabilization current, Rs is the stabilization impedance, and ΔV is the 
polarization potential. 
 
The voltage used in this study was 10 mV. 
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Fig. 3.6 Current response with time when 10 mV was applied to a Li | 
PEO-LiCF3SO3 | Li cell at 90 °C. 163 Reprinted from Polymer, 28, James 
Evans, Colin A. Vincent, Peter G. Bruce, Electrochemical measurement 
of transference numbers in polymer electrolytes, 2324-2328, Copyright 
(1987), with permission from Elsevier. 
 
3.3.4 Li | Li symmetrical cell cycling 
 
Chronopotentiometric cycling is an electrochemical technique, 
applying a controlled constant current to a cell - a Li / composite 
electrolyte / Li symmetrical cell in this case. The potential of the cell 
is then measured as a function of time. Potentiostatic 
electrochemical impedance spectroscopy technique was also used 
to perform impedance measurements of the cell under a constant 
potential, 10 mV. The frequency range applied was from 1 MHz to 
50 mHz.  
In this study, a BioLogic VMP3 multichannel potentiostat driven by 
EC-Lab software was used. For the chronopotentiometric cycling, 
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different current densities were applied. Impedance measurements 
were also performed at the end of every 10 cycles.  
 
3.3.5 Li | LiNi1/3Mn1/3Co1/3O2 cell Cycling 
 
The duplicate Li | LiNi1/3Mn1/3Co1/3O2 (NMC, Targray Technology 
International Inc.) full cells using the composite membranes were 
cycled with a Neware Battery Testing System driven by software 
BTS (version 7.5.4) at ambient temperature and 50 °C. The 
cathode formulation was composed of 85 wt% active materials, 10 
wt% carbon black and 5 wt% PVdF binder. Battery-grade Al foil was 
used as the current collector for the cathode foil.  
In this study, the cathode was punched into 0.5 cm2 circular disks 
and the active material loading was 2.55 mg cm-2. The areal current 
density for 1C (based on the theoretical capacity 278 mAh g-1 of 
NMC) rate was calculated to be 0.70 mA cm-2. Therefore, the 
respective areal current densities for C/15, C/10, C/5, and C/2 were 
0.047, 0.070, 0.140, and 0.350 mA cm-2. The cathode was wetted 
with 2 μL liquid [C2mpyr][FSI] - 50 mol% LiFSI during cell assembly. 
Before cycling, the cells were equilibrated at open circuit at ambient 
temperature for 12 hours. The voltage range for cell cycling was 
from 2.5 V to 4.6 V. Three duplicate cells were cycled for each 
cycling protocol. The coin cells were prepared by stacking the solid 
electrolytes between the cathode and metallic lithium. 
 
3.3.6 Post-mortem analysis 
 
For post-mortem Li-surface characterization, the Li cells were 
dismantled in the Argon glovebox; the metallic Li disks were 
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removed from the cells and washed with dry dimethyl carbonate 
and then mounted and transferred to the SEM via a purpose-
designed load-lock chamber for loading air-sensitive samples. 
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4  
CHAPTER 4 INFLUENCE OF Li SALT 
CONCENTRATION 
 
4.1 Introduction 
 
[C2mpyr][FSI] is a recently discovered plastic crystal that has a 
plastic phase I range that is ideal for practical applications, 
spanning from -22 °C to 203 °C 11, 145. It is a promising candidate 
material for solid electrolyte applications. For this material to be 
used as an electrolyte for Li battery applications, it must be mixed 
with certain amount of Li salt. The concentration of Li salt plays a 
critical role in the resulting electrolytes’ properties and performance.  
It has been revealed that the Li conduction mechanism is different 
for different concentrations of LiFSI-containing [C3mpyr][FSI] 111, 129, 
which is a longer chain analogue of [C2mpyr][FSI] (and is liquid at 
room temperature). For example, 3.2 mol Kg-1 ([C3mpyr][FSI] - 50 
mol% LiFSI) showed even higher ion dissociation than that of 2.4 
mol Kg-1 electrolyte. As ionicity is an indication of the degree of ion 
dissociation, more free Li+ are present in the [C3mpyr][FSI] - 50 
mol% LiFSI. 
However, there has been no study of the physico-chemical and 
electrochemical properties of [C2mpyr][FSI] with different mole 
ratios of LiFSI. Understanding of the effects of Li salt concentration 
on transport properties is necessary for the further development of 
plastic crystal based solid and other composite electrolytes.  
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Investigation of the effects of LiFSI content shows that drastic 
changes in the thermal phase behavior, ion conduction and 
electrochemical properties of [C2mpyr][FSI] occur when varying 
amounts of LiFSI are added. Two typical concentrations, 10 and 50 
mol% LiFSI, were selected to study the effects of Li salt 
concentration on the transport properties of [C2mpyr][FSI]. The 
thermal phase behavior, conductivity, crystalline phases, ion 
mobility, and cell performance were characterized with a range of 
techniques including DSC, impedance spectroscopy, synchrotron 
powder diffraction, nuclear magnetic resonance, and other 
electrochemical techniques. 
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4.2 Physico-chemical properties 
4.2.1 Phase behavior 
 
To develop OIPC-polymer composite electrolytes, it is important to 
first understand the phase behavior of the binary [C2mpyr][FSI] - 
LiFSI system. As shown in fig. 4.1, the neat [C2mpyr][FSI] exhibited 
solid-solid transitions at -72 °C and -22 °C and melted at 203 °C; it 
is a waxy solid at room temperature. With the addition of 1 or 10 
mol% LiFSI, there were minimal changes in the solid-solid transition 
temperatures, while the melting points decreased to 181 and 
140 °C, respectively. At 20 mol% LiFSI, solid-solid transitions were 
still evident, and a new crystallization peak at 120 °C appeared, 
while the melting transition was no longer distinct. From 30 to 70 
mol% LiFSI, the crystallization peak remained at around 125 °C, 
while the solid-solid transitions disappeared. A new Tg appeared at 
around -81 °C. At even higher concentrations, 80 and 90 mol% 
LiFSI, the Tg increased to -72 °C. The peak at -51 °C corresponds 
to the solid-solid transition of LiFSI and the peaks at 99 °C and 
102 °C to the melting of the system. The exothermic peak at 181 °C 
in the 80 mol% LiFSI sample is another crystallization. For neat 
LiFSI, a solid-solid transition at -51 °C and melt at 140 °C were 
evident, as previously reported 164. From 20 to 90 mol%, the 
samples were mixtures of solid and liquid phases, except at 50 
mol% which was a transparent colorless and viscous liquid. The 
presence of the crystallization peak at around 124 °C indicated the 
metastability of this liquid, which could not be crystallized even after 
storage at -20 °C for one week.  
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Fig. 4.1 DSC curves of [C2mpyr][FSI] - LiFSI mixtures as a function of 
composition (mol% LiFSI). 
 
To transform the 50 mol% LiFSI sample into an equilibrated state, 
a sample was annealed at 110 °C, just below the crystallization, for 
2 hours. The thermal behavior is presented in fig. 4.2. After 
annealing, the crystallization peak at 124 °C disappeared, while a 
new crystallization peak was evident at 196 °C. This indicates that 
annealing the sample at 110 °C for 2 hours transformed the sample 
into another metastable state with a crystallization process at 
higher temperature. With the different enthalpies of 7 (± 10%) J g-1 
(124 °C) and 18 (± 10%) J g-1 (196 °C) calculated based on the total 
weight of the sample, these two crystallization peaks were 
concluded to be due to different processes. 
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Fig. 4.2 Thermal behavior of [C2mpyr][FSI] - 50 mol% LiFSI  and 
[C2mpyr][FSI] - 50 mol% LiFSI annealed at 110 °C for 2 h. 
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4.2.2 Ionic conductivities 
 
High ionic conductivity is an indicator of a promising electrolyte 
candidate, together with other important parameters such as a high 
target-ion transference number and a wide electrochemical window. 
As discussed previously 9, 145, Li-salt doping can significantly lift the 
ionic conductivity of a plastic crystal system. Fig. 4.3 shows that 
adding 50 mol% LiFSI dramatically increased the conductivity; for 
example, at 20 °C, [C2mpyr][FSI] - 50 mol% LiFSI is four orders of 
magnitude more conductive than neat  [C2mpyr][FSI], and 60 times 
more conductive than  [C2mpyr][FSI] - 10 mol% LiFSI. It should be 
noted that a small amount of liquid could be squeezed out by 
external force from the [C2mpyr][FSI] - 10 mol% LiFSI sample; this 
liquid was speculated to be due to the presence of a eutectic in the 
[C2mpyr][FSI] / LiFSI system. The significant conductivity 
enhancement from 10 mol% to 50 mol% Li salt doping is unusual 
compared with other plastic crystal 113, 138 and ionic liquid systems 
104, 112, 129, 165, in which conductivity decreases were observed due 
to higher viscosity with higher concentration of lithium salt in ionic 
liquid systems. 
However, 50 mol% Li salt appears to completely disrupt the long-
range order of the plastic crystal, [C2mpyr][FSI], resulting in a liquid 
state, and thus, compared to the solid OIPC, this mixture has a 
greater number of mobile ions with higher diffusivities. 
Regards the changing shape of the curves with different LiFSI 
concentrations, the [C2mpyr][FSI] and [C2mpyr][FSI] - 10 mol% 
LiFSI exhibited solid-solid transitions and a “step jump” in the ionic 
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conductivities, which was not seen in the liquid [C2mpyr][FSI] - 50 
mol% LiFSI. 
 
Fig. 4.3 Ionic conductivities of neat [C2mpyr][FSI], [C2mpyr][FSI] - 10 
mol% LiFSI, and [C2mpyr][FSI] - 50 mol% LiFSI. 
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4.2.3 Synchrotron X-ray diffraction  
 
Analysis of OIPC-based composites by synchrotron XRD can be 
valuable in providing information on the solid-state structures of the 
different materials. 10, 146 For example, normalized diffraction 
patterns for neat [C2mpyr][FSI] and [C2mpyr][FSI] - 10 mol% LiFSI 
in phase I, II and III are shown in fig. 4.4. Adding 10 mol% LiFSI did 
not affect the overall positions of the peaks in each of the three 
phases. This means that 10 mol% LiFSI doping did not change the 
crystalline structure of the plastic crystal in these phases. 
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Fig. 4.4 Synchrotron XRD patterns of phase I (100 °C), II (-50 °C), and 
III (-100 °C) of the systems, [C2mpyr][FSI] and [C2mpyr][FSI] - 10 mol% 
LiFSI. 
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While 50 mol% LiFSI changed completely the crystal structure and 
phase behavior of [C2mpyr][FSI]. As there is a crystallization peak 
at 124 °C for 50 mol% LiFSI-containing [C2mpyr][FSI], variable 
temperature powder diffraction patterns of  [C2mpyr][FSI] - 50 mol% 
LiFSI were acquired, as shown in fig. 4.5(a). Initially, at 27 °C (fig. 
4.5 (a), black curve)), there were some unexpected peaks. Close 
examination in fig. 4.5(b) revealed that these peaks were from trace 
amounts of PVdF particle impurities in the sample, which may have 
been introduced during sample loading in the glovebox. These 
PVdF peaks remained at each of the different temperatures of 
acquisition. When the temperature was increased to 110 and 
135 °C, a large number of new peaks appeared. This indicates that 
new phases crystallized from the liquid [C2mpyr][FSI] - 50 mol% 
LiFSI sample, consistent with the crystallization peak in the DSC 
trace. Interestingly, when the temperature was cooled to 27 °C 
again, the peaks differ from those at 110 °C. An expanded view 
comparison between the PVdF, LiFSI, [C2mpyr][FSI] - 50 mol% 
LiFSI at 110 °C and 27 °C is made in fig. 4.5(d). Clear differences 
in the four patterns indicate that the peaks in [C2mpyr][FSI] - 50 mol% 
LiFSI at 110 °C and 27 °C were not from LiFSI, nor PVdF, and 
probably indicate a new solid compound formed from [C2mpyr][FSI] 
and LiFSI. Similar compounds have been reported in other Li-
containing ionic liquid systems, such as the 1 / 2 and 2 / 1 (mole 
ratio) [Cnmpyr][TFSI] / LiTFSI (n = 2 – 5) formed by [Cnmpyr][TFSI] 
and LiTFSI 166 and the 1 / 1 (mole ratio) [C2mim][TFSI] / LiTFSI 
formed by [C2mim][TFSI] and LiTFSI. 167 
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Fig. 4.5 (a) Synchrotron XRD patterns of [C2mpyr][FSI] - 50 mol% LiFSI 
going from 27 °C (black), to 110 °C (red), to 135 °C (blue), then return to 
27 °C (purple). (b) Comparison between the patterns of [C2mpyr][FSI] - 
50 mol% LiFSI and PVdF particles at 27 °C. (c) Comparison between the 
patterns of PVdF, LiFSI at 27 °C, [C2mpyr][FSI] - 50 mol% LiFSI at 110 °C, 
and when it returned to 27 °C. (d) Expanded view of (c). 
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4.2.4 Nuclear magnetic resonance 
 
Static nuclear magnetic resonance (NMR) spectra provide 
important information about rotational / translational freedom for a 
given nucleus in terms of the spectral widths and shapes 154. 
Generally, fast isotropic molecular / ionic motions average out the 
dipolar / quadrupolar interactions as well as chemical shift 
anisotropy, etc., therefore leading to a narrow NMR line. 
As shown in the appendix, the 1H static spectra of [C2mpyr][FSI] - 
10 mol% LiFSI (fig. 9.1) and [C2mpyr][FSI] - 50 mol% LiFSI (fig. 9.2) 
were composed of several sharp peaks superimposed onto one 
broad peak at and above 20 °C. This phenomenon arises from the 
presence of both fast-moving species and slow-moving species 154. 
These superimposed curves were deconvoluted into two 
components, a narrow peak 1, (fast-moving species), and a broad 
peak 2, (slow-moving species). The widths of the deconvoluted 
NMR peaks are plotted in fig. 4.6. For [C2mpyr][FSI] - 50 mol% 
LiFSI, only the widths of the peaks corresponding to the fast-
moving species are shown, because they represent the main 
contribution to ion conduction. 
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Fig. 4.6 Full width at half maximum (FWHM / kHz) for 1H, 19F, and 7Li of 
[C2mpyr][FSI], [C2mpyr][FSI] - 10 mol% LiFSI and [C2mpyr][FSI] - 50 mol% 
LiFSI. For [C2mpyr][FSI] - 10 mol% LiFSI and [C2mpyr][FSI] - 50 mol% 
LiFSI, only the mobile phase represented by peak 1 is shown. The NMR 
spectra for [C2mpyr][FSI] and [C2mpyr][FSI] - 10 mol% can be found in 
fig. 9.1 in the appendix. The NMR spectra for [C2mpyr][FSI] - 50 mol% 
LiFSI can be found in fig. 9.2 in the appendix.  
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It is apparent that all peaks in the NMR spectra narrowed with 
increasing temperature. The Li-doped sample, regardless of 
whether 10 or 50 mol% doping was used, generally showed more 
narrow peaks than neat [C2mpyr][FSI] for 1H and 19F, signifying 
higher mobilities. Interestingly, [C2mpyr][FSI] - 50 mol% LiFSI 
showed much broader curves than [C2mpyr][FSI] - 10 mol% LiFSI 
at -50 °C, then became very similar at 20 °C. The fast-moving 
species in the sample of [C2mpyr][FSI] - 10 mol% LiFSI should be 
from the liquid phase mentioned earlier, thus the similarity of the 
peak widths of [C2mpyr][FSI] - 10 mol% LiFSI and liquid 
[C2mpyr][FSI] - 50 mol% LiFSI is reasonable. Considering the 
minimal amount of liquid in [C2mpyr][FSI] - 10 mol% LiFSI, the huge 
increase in ionic conductivity from 10 mol% to 50 mol% is also as 
expected. 
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4.3 Electrochemical properties 
4.3.1 Cyclic voltammetry 
 
Fig. 4.7 (a) The CV comparison between neat [C2mpyr][FSI] at 50 °C, 
[C2mpyr][FSI] - 10 mol% LiFSI at 50 °C and [C2mpyr][FSI] - 50 mol% 
LiFSI at room temperature. (b) The 1st - 6th cycle of the CV of the 
[C2mpyr][FSI] - 50 mol% LiFSI at room temperature. The inset shows the 
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columbic efficiencies with cycles. (c) The impedance change of the cells 
after CV measurement of [C2mpyr][FSI] - 50 mol% LiFSI. 
 
Cyclic voltammetry is a useful technique for ascertaining the 
electrochemical stability window of electrolytes. Li plating and 
stripping can also reflect their ion conduction abilities and 
reversibilities. A direct comparison of the 1st cycle of the cyclic 
voltammogram of [C2mpyr][FSI], [C2mpyr][FSI] - 10 mol% LiFSI, 
and [C2mpyr][FSI] - 50 mol% LiFSI is made in fig. 4.7(a). The 
voltage range was from -0.5 V to 5 V vs Li+/Li for Li-containing 
[C2mpyr][FSI], while it was -1 V to 5 V vs Li+/Li for the neat 
[C2mpyr][FSI]. [C2mpyr][FSI] - 50 mol% LiFSI had the highest 
maximum current density reaching at 3.47 mA cm-2, compared to 
0.26 and 0.34 mA cm-2 for [C2mpyr][FSI] and [C2mpyr][FSI] - 10 mol% 
LiFSI, respectively. The voltammetry shows that the electrolytes 
were stable from -0.5 V to 5 V vs Li+/Li. The high current density 
reached by [C2mpyr][FSI] - 50 mol% LiFSI reflects the high mobility 
of the Li ions, in addition to its high ionic conductivity. 
[C2mpyr][FSI] - 50 mol% LiFSI also exhibited reversible Li plating 
at -0.5 V vs Li+/Li and Li stripping near 0.3 V vs Li+/Li at room 
temperature, while there was no peak evident for the [C2mpyr][FSI] 
sample. For [C2mpyr][FSI] - 10 mol%, there was only a Li deposition 
process in the negative range and no stripping peak in the anodic 
scan, even when the temperature was increased to 50 °C. This 
non-reversibility was due to its low ion conduction ability.  
The cycling of [C2mpyr][FSI] - 50 mol% LiFSI was then continued 
for 6 cycles, shown in fig. 4.7(b), and the columbic efficiencies 
increased with each cycle, increasing from 46% in the 1st cycle to 
73% in the 6th cycle, implying the growth of a stable SEI layer during 
cycling 162. This also indicates a better interfacial contact between 
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the electrode and electrolyte and is consistent with the impedance 
drop after 3 cycles shown in fig. 4.7(c).  
 
4.3.2 Li+ transference number 
 
The Li+ transference numbers of the [C2mpyr][FSI] - 10 mol% LiFSI 
and [C2mpyr][FSI] - 50 mol% LiFSI samples were measured using 
the classical Bruce-Vincent method 163. This measurement 
determines the portion of charge carried by the target Li+ among all 
of the ions when a small polarization potential is applied across the 
electrolyte. With the chronoamperometry and impedance 
measurements shown in fig. 4.8, the Li+ transference number was 
determined to be 0.17 ± 0.01 and 0.35 ± 0.01 for [C2mpyr][FSI] - 10 
mol% LiFSI and [C2mpyr][FSI] - 50 mol% LiFSI, respectively. In 
addition to the conductivity comparison made in fig. 4.3, the higher 
transference number of [C2mpyr][FSI] - 50 mol% LiFSI also 
indicates that the Li+ partial conductivity is two times higher than in 
the 10 mol% Li-doped [C2mpyr][FSI], which is desirable in Li battery 
applications. The higher Li+ concentration in the [C2mpyr][FSI] - 50 
mol% LiFSI electrolytes should account for the substantial increase 
of the Li+ transference number. Similar transference number 
increases with increased lithium salt concentration has also been 
reported in the LiFSI-containing [P111i4][FSI] ionic liquid system. 110 
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Fig. 4.8 Transference number measurement: (a) Current I / μA vs Time / 
min after a small voltage, 10 mV, was applied at 50 °C to the 
[C2mpyr][FSI] - 10 mol% LiFSI electrolyte. The current stabilized after 10 
minutes. (b) Electrochemical impedance spectra of the cell before and 
after polarization. (c) Current I / μA vs Time / min after a small voltage, 
10 mV, was applied at 50 °C to the [C2mpyr][FSI] - 50 mol% LiFSI 
electrolyte. The current stabilized after 10 minutes. (b) Electrochemical 
impedance spectra of the cell before and after polarization. R0 is the 
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interfacial resistance before polarization, Rs after polarization. Semi-
circles were fitted to the data to obtain the interfacial resistance. 
 
4.3.3 Li | Li symmetrical cells 
 
The Li | Li symmetrical cell cycling behavior was compared for the 
10 and 50 mol% electrolytes. As shown in fig. 4.9, the cells with 
[C2mpyr][FSI] - 10 mol% LiFSI electrolyte had a high overpotential, 
above 1.5 V, which decreased with time, at both 50 °C and room 
temperature. The high cell polarization potential implies a large cell 
impedance, either from the bulk electrolyte impedance or from the 
electrode / electrolyte interfacial impedance. The current density 
applied was 0.13 mA cm-2. Each falf cycle lasted 10 minutes. After 
5 – 10 hours of continuous cycling, the voltage experienced 
irregular undulations or a sudden drop, indicative of lithium dendrite 
growth and cell failure. 
The [C2mpyr][FSI] - 50 mol% LiFSI cell displayed much better 
performance than the 10 mol% LiFSI cell. Half cycle duration was 
1 hour. In fig. 4.10 (a), the cells cycled with good stability at 0.1 and 
0.2 mA cm-2 for 20 hours at each current density and failed when 
the current density was increased to 0.3 mA cm-2 at 50 oC. The 
voltage behavior shown in the expanded view in fig. 4.10 (b) clearly 
indicates cell failure. At room temperature, the cell failed earlier, at 
0.2 mA cm-2 in fig. 4.10 (c).  
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Fig. 4.9 (a) Li | Li symmetrical cells cycling with [C2mpyr][FSI] - 10 mol% 
LiFSI electrolyte at 0.13 mA cm-2 at 50 °C. (b) Li | Li symmetrical cells 
cycling at 0.13 mA cm-2 at room temperature. Each half cycle lasted 10 
minutes.  
 
Fig. 4.10 (a) Li | Li symmetrical cells cycling with [C2mpyr][FSI] - 50 mol% 
LiFSI electrolyte at 0.1 (black), 0.2 (red) and 0.3 (blue) mA cm-2 at 50 °C. 
(b) Expanded view of (a) from 80 to 90 h. (c) Li | Li symmetrical cells 
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cycling at 0.1 (black), 0.2 (red) and 0.3 (blue) mA cm-2 at room 
temperature. Each half cycle lasted 1 h.  
 
4.3.4 Li| LiNi1/3 Co1/3 Mn1/3O2 cells 
 
LiNi1/3 Co1/3 Mn1/3O2 is a high capacity cathode material, with a 
theoretical capacity at 278 mAh g-1. The cycling performance of Li 
| LiNi1/3 Co1/3 Mn1/3O2 cells with [C2mpyr][FSI] - 50 mol% LiFSI 
electrolyte is shown in fig. 4.11. When cycled at 50 °C at 1C, as 
shown in fig. 4.11(a) and fig. 4.12(a), the cells exhibited an initial 
capacity of 163 mAh g-1, followed by a relatively rapid decay to 70% 
of the initial value after 100 cycles and 30% efficiency after 1000 
cycles. There is an interesting feature in the first charging cycle in 
fig. 4.12(a). The voltage of the cell spiked to around 4.2 V, which 
reflected the high impedance and low discharging capability of the 
cells. 111 
The efficiencies in fig. 4.11(b) are quite unstable during cycling and 
were mainly below 60%. At room temperature, in fig. 4.11(c) and 
fig. 4.12(b), although the initial capacity was lower at 77 mAh g-1, 
the efficiencies were higher at around 90%. The capacity continued 
to decay and the fluctuations were due to the room temperature 
variation. The rate capability of the cells at 50 °C was also tested 
and shown in fig. 4.11(d). The capacities exhibited a typical step-
like drop at higher C-rate and retained around 90 mAh g-1 at 1C. 
When the cycling rate was set at C/15 again, the discharge 
capacities jumped to around 140 mAh g-1, although lower than the 
initial 165 mAh g-1 when the cell was cycled at C/15. The capacity 
subsequently exhibited a steady drop at C/15 rate, as did the 
efficiency. The [C2mpyr][FSI] - 50 mol% LiFSI electrolyte supported 
Li | LiNi1/3 Co1/3 Mn1/3O2 cells to cycle at both 50 °C and room 
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temperature. The discharge capacities were higher at 50 °C. There 
was also significant capacity fade with extended cycling.  
The [C2mpyr][FSI] - 10 mol% LiFSI electrolyte did not support 
cycling in the Li | NMC cell and no useful data was acquired.  
The cycling of Li | LiNi1/3 Co1/3 Mn1/3O2 cells is closely related to the 
transport properties of the electrolyte. The above results 
demonstrated that the 50 mol% LiFSI-containing electrolyte had 
much better transport of ions to support cell cycling than 10 mol% 
LiFSI-doped electrolyte.  
 
 
 
Fig. 4.11 Li | LiNi1/3Mn1/3Co1/3O2 full cells cycling with the [C2mpyr][FSI] - 50 
mol% LiFSI electrolyte. (a) Discharge capacities with cycling at a rate of 1C 
at 50 °C; (b) Efficiencies with cycling at a rate of 1C at 50 °C. Discharge 
capacities and efficiencies with cycling (c) at a rate of 1C at room 
temperature; (d) at different C-rates at 50 °C, C/15, C/10, C/5, C/2, 1C, 5 
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cycles for each rate, then continue cycling at C/15. The cut-off voltages 
were from 2.5 V to 4.6 V. 
 
 
Fig. 4.12 The charge-discharge profiles of the 1st and 100th cycles of Li | 
LiNi1/3Mn1/3Co1/3O2 full cells cycling with the [C2mpyr][FSI] - 50 mol% LiFSI 
electrolyte at 50 °C (a); and room temperature (b).  
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4.4 Conclusions 
 
In this chapter, two concentrations of LiFSI in [C2mpyr][FSI], 10 and 
50 mol%, were selected based on a comprehensive study of the 
phase behavior. A full range of physico-chemical and 
electrochemical properties were characterized to compare the 
effects of concentration on the electrolyte performance.  
Firstly, the phase behavior of different contents of LiFSI in 
[C2mpyr][FSI] were characterized and dramatic changes were 
observed from low to high Li salt content. The typical solid-solid 
transitions remained, while the melting point decreased for the 
samples with below 10 mol% LiFSI doping. An obvious liquid phase 
was observed from 20 mol% LiFSI doping and above. From 30 - 70 
mol% LiFSI content, the mixtures contained mostly liquid phase 
and some solid phase. The solid-solid transitions disappeared and 
a new crystallization peak appeared at 125 °C. From 80 - 100 mol% 
LiFSI content, there were new solid-solid transitions at -51 °C and 
melting peaks ascribed to LiFSI. The appearance of the liquid 
phase when mixing [C2mpyr][FSI] and LiFSI was due to the eutectic 
reaction which was also found in other plastic crystal / Li salt 
systems, like [Cnmpyr][TFSI] / LiTFSI (n = 2, 3, 4) 78 and 
[C4mpyr][FSI] / LiFSI 168. 
A fluid ionic liquid with no visible solid phase, [C2mpyr][FSI] - 50 
mol% LiFSI, was identified and studied to compare with 
[C2mpyr][FSI] - 10 mol% LiFSI. The synchrotron XRD results 
showed 10 mol% LiFSI had little effect on the structure of 
[C2mpyr][FSI]. However, 50 mol% LiFSI acted differently and made 
[C2mpyr][FSI] into a completely liquid state, thus 50 mol% LiFSI 
might be close to the eutectic point The [C2mpyr][FSI] - 50 mol% 
LiFSI sample displayed no distinct peaks at room temperature. 
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Interestingly, there were new peaks in the XRD patterns appearing 
when this sample was heated to 110 °C, near its crystallization 
temperature (evident in the DSC trace) and returned to room 
temperature. The new peaks indicated new phases, which were 
determined to be neither LiFSI, nor PVdF. The identity of the new 
crystalline phases remains to be solved in the furture work. 
Finally, the electrochemical properties of the two electrolytes were 
characterized. Compared with the 10 mol% LiFSI doped sample, 
the 50 mol% LiFSI sample, produced a liquid electrolyte with much 
higher ionic conductivity, enhanced ion conduction, and higher Li+ 
transference number. Obviously, the higher diffusivities of ions in 
the liquid [C2mpyr][FSI] - 50 mol% LiFSI contributed to its higher 
ionic conductivities. The better ion transport properties of 50 mol% 
LiFSI-containing electrolytes also supported good cycling of both Li 
| Li symmetrical and Li | NMC cells. These results point to a new 
route for the use of high concentration lithium salt in OIPC 
electrolytes to enhance ion conduction and cell performance.  
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5  
CHAPTER 5 INFLUENCE OF PVdF FIBERS ON 
COMPOSITE PROPERTIES 
 
5.1 Introduction 
 
The waxy nature of [C2mpyr][FSI] and the liquid phase formed with 
Li salt doping renders these materials incapable of forming free-
standing solid electrolytes. The mechanical properties of the 
electrolyte are important for safe handling and the prevention of 
dendrite growth.  
Polymers can be used to prepare either solid or gel electrolytes, 
with the advantages of non-volatility, non-leakage, the prospect of 
preparing all-solid-state batteries and enabling roll-to-roll 
processing for mass production 99, 100, 169. Porous polymer 
membranes can be prepared by electrospinning a polymer solution, 
to give very fine fibers, with diameters as small as a few hundred 
nanometers. These polymer membranes have high surface areas 
and high porosities, so this versatile method is being applied to 
various fields including fuel cells, dye-sensitized solar cells, 
batteries, and supercapacitors 170.  
Combining OIPCs and polymers can make the most of their 
individual advantages for the development of safe, easily-handled 
all-solid-state batteries. As discussed in the chapter 2, previous 
work has investigated composite electrolytes with plastic crystal 
and polymers, include [C3mpyr][BF4] with PEO 148, [C3mpyr][BF4] 
with PVP 147, [C2mpyr][BF4] with PVdF 150, [C2mpyr][BF4] with 
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dendrimer 146 and SN with PAN 171. The major findings from these 
studies are that the polymers are not a simple inert addition, but 
render significant effects on the structural and ion transport 
properties of the plastic crystals.  
In this study, the effects of PVdF fiber addition on the thermal 
behavior, microscopic morphology, ionic conductivity, solid state 
structure and ion mobility of Li-containing [C2mpyr][FSI] were 
studied. Moreover, the effects were divided into two aspects, one 
on investigating 10 mol% LiFSI, and the other is 50 mol% LiFSI-
containing [C2mpyr][FSI] to understand the effects on different Li 
concentrations. 
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5.2 Phase behavior 
 
Differential scanning calorimetry (DSC) measurements were 
conducted to study the thermal behavior of composites with 
different amounts of Li salt and polymer. Information regarding the 
short range disorder and thermal stability of the materials can be 
extracted from the phase transition temperatures and associated 
entropy change.  
For the neat [C2mpyr][FSI] there are two solid-solid phase 
transitions, occurring at -72 °C and -22 °C, before the final melting 
at 203 °C, as shown in fig. 4.1 (Chapter 4). Electrospun PVdF fibers 
were added at loadings of 10 or 20 wt% to form the composites. 
DSC thermal traces of [C2mpyr][FSI] - 10 wt% PVdF, [C2mpyr][FSI] 
- 10 wt% PVdF - 10 mol% LiFSI, [C2mpyr][FSI] - 20 wt% PVdF, and 
[C2mpyr][FSI] - 20 wt% PVdF - 10 mol% LiFSI are shown in fig. 5.1 
and the corresponding transition temperatures and entropy 
changes, normalized to the weight of [C2mpyr][FSI], are included in 
table 5.1. When 10 wt% PVdF was added, the melting points for 
the plastic crystal (denoted as melt b) were lowered to 201 °C for 
[C2mpyr][FSI] - 10 wt% PVdF and 191 °C for [C2mpyr][FSI] - 10 wt% 
PVdF - 10 mol% LiFSI. The transition at around 130 °C for the 
samples containing PVdF, labeled melt a, is attributed to the 
melting of the PVdF (reduced from 165°C for neat PVdF). This 
melting may also affect the final entropy of melt of the OIPC in the 
OIPC / PVdF composites, shown in brackets in table 5.1. The 
significant drop of the melting point of PVdF indicates that the fiber 
is not just an inert matrix, but interacts at a molecular level with 
[C2mpyr][FSI], probably due to some sort of adduct formation, 
affecting the phase transitions and increasing molecular disorder. 
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Fig. 5.1 The DSC heating traces, second heating scan, of composites 
with different contents of PVdF, with and without 10 mol% LiFSI doping, 
as shown in the figure legends. 
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Table 5.1 Phase transition onset (otherwise peak as stated) 
temperatures and entropies of selected composites with PVdF calculated 
from the 2nd heating trace. The entropy changes were normalized to the 
weight of [C2mpyr][FSI]. Melt ‘a’ is related to PVdF melting. Melt ‘b’ is 
related to [C2mpyr][FSI] melting. The DSC traces are shown in fig. 5.1. 
 
 
 
III - II 
(°C)  
± 1 
ΔS 
(J K-1 
mol-1)   
± 10% 
II - I 
Onset 
(°C)  
± 1 
ΔS 
(J K-1 mol-1)  
 ± 10% 
Melt b (peak) 
(°C) ± 1 
ΔS 
(J K-1 mol-1)  
± 10% 
[C2mpyr][FSI] - 
10 wt% PVdF 
-72 44.8 -16 2.5 201 (4.0) 
[C2mpyr][FSI] - 
10 wt% PVdF - 
10 mol% LiFSI 
-71 27.5 -20 2.7 191 (2.1) 
[C2mpyr][FSI] - 
20 wt% PVdF 
-72 42.3 -23 2.9 194 (2.3) 
[C2mpyr][FSI] - 
20 wt% PVdF - 
10 mol% LiFSI 
-71 19.8 -18 1.6 158 (1.0) 
 
 
The DSC traces for composites with different contents of PVdF 
containing 50 mol% LiFSI are shown in fig. 5.2(a). [C2mpyr][FSI] - 
50 mol% LiFSI had a Tg at 77 °C and a crystallization at 124 °C, as 
shown in fig. 4.1 (Chapter 4). Unlike the equivalent sample without 
PVdF fibers, the composite did not show a crystallization process 
at 124 °C. 
Composites with 7, 8 or 9 wt% PVdF showed similar Tg values and 
melting of PVdF, in fig. 5.2(a). To understand the process that 
occurred during annealing, the effects of the annealing time on the 
thermal behavior are shown in fig. 5.2(b). The as-cast 
([C2mpyr][FSI] - 50 mol% LiFSI) with electrospun PVdF, had a 
similar Tg to that of ([C2mpyr][FSI] - 50 mol% LiFSI) i.e. without 
PVdF, while the crystallization temperature increased to 140 °C. 
The PVdF melting temperature was relatively unchanged, at 151 °C, 
with different annealing time. In contrast, composite membrane 
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samples annealed for 0.5 to 2 hours after casting showed no 
crystallization peak. This indicates that the annealing process 
allowed the composite sample to equilibrate and resulted in 
removal of the crystallization process.  
To find out whether or not the crystallized product has a melt 
transition, a new sample, the [C2mpyr][FSI] - 50 mol% LiFSI, was 
annealed at 110 °C for 2 hours and taken up to 340 °C and 
compared with 8 wt% composites, shown in fig. 5.2(c). For the 
annealed [C2mpyr][FSI] - 50 mol% LiFSI, the crystallization moved 
to 186 °C. For both samples, exothermic peaks appeared at around 
280 °C, followed by melting peaks at 300 and 307 °C. With further 
increases in temperature, a strong smell was detected and the 
samples appeared burnt when subsequently examined at ambient 
temperature. This indicates that the samples decomposed at 
temperatures approaching 300 °C. This is consistent with the 
thermal stability temperature range of other ionic liquid systems, 
like [C4mpyr][TFSI] / LiFSI system 172. 
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Fig. 5.2 Thermal behavior of (a) composites containing 50 mol% LiFSI 
with different contents of PVdF, (b) 8 wt% PVdF - 92 wt% ([C2mpyr][FSI] 
- 50 mol% LiFSI) samples annealed for different time at 110 °C during 
the electrolyte preparation procedure, (c) [C2mpyr][FSI] - 50 mol% LiFSI 
which was annealed at 110 °C for 2 h and 8 wt% PVdF - 92 wt% 
([C2mpyr][FSI] - 50 mol% LiFSI, also annealed at 110 °C) up to 340 °C. 
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The onset temperatures (°C) for each phase transition are indicated in 
the figures. 
 
5.3 Microscopy 
 
The microscopic surface morphologies of the room temperature 
pressed composites with 10 mol% LiFSI doping were probed by 
SEM analysis, as shown in fig. 5.3. The electrospun PVdF was 
composed of randomly distributed fibers, fig. 5.3(a), with diameters 
of around 0.83 - 1.1 µm. After pressing at room temperature, the 
fibers presented a more dense morphology as shown in fig. 5.3(b). 
This is why the composites were pressed after solvent casting to 
make the soft electrospun fibers stronger.In the [C2mpyr][FSI] - 
10 wt% PVdF composite, the plastic crystal was found to distribute 
uniformly around the fibers, which should be advantageous for 
providing an interconnected ion-conduction pathway through the 
material. Similar morphologies are evident in the [C2mpyr][FSI] - 
10 wt% PVdF - 10 mol% LiFSI composite. The dense structure of 
the cross section of [C2mpyr][FSI] - 20 wt% PVdF - 10 mol% LiFSI 
in fig. 5.3(f) reveals the uniform penetration of plastic crystal and 
LiFSI across the membrane during casting. 
After the annealing and pressing steps, the composites prepared 
with [C2mpyr][FSI] - 50 mol% LiFSI were free-standing and flexible. 
To determine the optimum weight ratio of PVdF and Li-containing 
plastic crystal, composites with weight ratios of electrospun PVdF 
nanofibers to ([C2mpyr][FSI] - 50 mol% LiFSI) of 1 : 10, 1: 12 and 
1 : 14, corresponding to 9, 8 and 7 wt% PVdF, respectively, were 
prepared. As shown in fig. 5.4(a), the sample containing 9 wt% 
PVdF showed visible pores in the surface morphology. When the 
PVdF content was decreased to 8 wt% and 7 wt% in fig. 5.4(b-c), 
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the nanofibers were fully covered with the Li-containing plastic 
crystal. The cross section of a 8 wt% PVdF - 92 wt% ([C2mpyr][FSI] 
- 50 mol% LiFSI) composite, in fig. 5.4(d-e), shows the OIPC-based 
phase well-distributed throughout the fiber sheet. 
 
 
Fig. 5.3 SEM analysis of (a) electrospun PVdF, (b) pressed PVdF, (c) 
pressed [C2mpyr][FSI] - 10 wt% PVdF, (d) pressed [C2mpyr][FSI] - 10 wt% 
PVdF - 10 mol% LiFSI, (e) pressed [C2mpyr][FSI] - 20 wt% PVdF - 10 
mol% LiFSI, (f) orthogonal cross section of [C2mpyr][FSI] - 20 wt% PVdF 
- 10 mol% LiFSI composite. 
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Fig. 5.4 SEM analysis of composites with different contents of electrospun 
PVdF (a) 9 wt% PVdF - 91 wt% ([C2mpyr][FSI] - 50 mol% LiFSI), weight 
ratio 1 : 10, (b) 8 wt% PVdF - 92 wt% ([C2mpyr][FSI] - 50 mol% LiFSI), 
weight ratio 1 : 12, (c) 7 wt% PVdF - 93 wt% ([C2mpyr][FSI] - 50 mol% LiFSI), 
weight ratio 1 : 14, (d) cross section of 8 wt% PVdF - 92 wt% ([C2mpyr][FSI] 
- 50 mol% LiFSI), (e) higher magnification micrograph of the red highlighted 
section in (d). 
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5.4 Ionic conductivities 
 
Composites with 10 mol% of LiFSI and 10, 15, or 20 wt% of PVdF 
were prepared as solid membrane electrolytes. Fig. 5.5(a) shows 
that the addition of 10, 15 or 20 wt% of PVdF enhanced the 
conductivity compared to that of the pure [C2mpyr][FSI], but by a 
lesser extent as the PVdF content was increased. At 20 °C, the 
conductivity values of the [C2mpyr][FSI] with 10 wt%, 15 wt% and 
20 wt% PVdF membranes are 5.3 × 10-7, 2.4 × 10-7, and 1.4 × 10-7 
S cm-1, respectively. As shown in fig. 5.5(b), the conductivity of the 
plastic crystal containing 10 mol% LiFSI decreased when PVdF 
was added. The highest conductivity obtained at 20 °C was 7.0 × 
10-6 S cm-1 for [C2mpyr][FSI] - 10 mol% LiFSI, while the introduction 
of 10 wt% PVdF slightly reduced the conductivity to 4.6 × 10-6 S cm-
1 at this temperature. 
After the [C2mpyr][FSI] - 50 mol% LiFSI was cast into the 
electrospun PVdF network, the effects of different PVdF contents 
were compared. A significant decrease in conductivity was 
observed upon incorporation of the PVdF fibers, although the 
precise conductivity value was dependent on the fiber content. The 
ionic conductivities of [C2mpyr][FSI] - 50 mol% LiFSI and the 
composites containing 9 wt%, 8 wt% and 7 wt% PVdF are 
compared in fig. 5.5(c). The liquid [C2mpyr][FSI] - 50 mol% LiFSI 
had the highest conductivity throughout the entire temperature 
range, apart from at -40 °C. Of the composites, the highest 
conductivity was found for the 8 wt% PVdF - 92 wt% ([C2mpyr][FSI] 
- 50 mol% LiFSI). This composition was chosen for further analysis. 
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Fig. 5.5 The conductivity of (a) composites with different contents of 
PVdF without Li salt, (b) composites with PVdF and 10 mol% LiFSI 
doping, (c) [C2mpyr][FSI] - 50 mol% LiFSI, and composites with different 
contents of PVdF.
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a Variation of the estimated density,  using density of 1.0 and 1.4 g cm-3, 
did not alter the estimated number of ion pairs. 
5.5 Synchrotron powder diffraction 
 
Normalized diffraction patterns for neat [C2mpyr][FSI], [C2mpyr][FSI] 
- 10 mol% LiFSI, [C2mpyr][FSI] - 20 wt% PVdF, and [C2mpyr][FSI] 
- 20 wt% PVdF - 10 mol% LiFSI, collected at -100 °C (phase III), -
50 °C (phase II), and 100 °C (phase I) are shown in fig. 5.6. 
Comprehensive structural determination studies were performed.  
The space group and unit cell parameter information obtained from 
fitting these curves are presented in table 5.2. For more detailed 
determination of the structure determination of the plastic crystal 
like the atom positions, a single crystal of the plastic crystal is 
needed, which is not easy to acquire. 
With increasing temperature, and as the plastic crystal undergoes 
phase transitions from phase III to phase II and phase I, the 
resultant decrease in the number of peaks in the spectra signifies 
an increasing degree of symmetry, consistent with other OIPC 
systems 10, 139. For example, neat [C2mpyr][FSI] has a monoclinic 
Bravais lattice in phase III but transforms to more symmetrical 
structures with heating – adopting a trigonal in phase II and an 
orthorhombic in phase I. The unit cell volume expanded from 785.5 
Å3 in phase III at -100°C to 1616.6 Å3 in phase II at 50°C and to 
2878.45 Å3 in phase I at 100 °C (table 5.2). As no information about 
the density of [C2mpyr][FSI] at these temperatures was available, 
the density of the structurally similar plastic crystal [C2mpyr][BF4] 
(i.e., 1.2 g cm-3) 173 was used.a From this, it was estimated that each 
unit cell of the [C2mpyr][FSI] contained 2 ion pairs in phase III, 4 ion 
pairs in phase II, and 6 - 8 ion pairs in phase I. The higher symmetry 
at higher temperature is consistent with an increasing number of 
ion pairs in each unit cell.  
 118 
 
To more easily examine the effects of LiFSI and fiber addition, the 
expanded low angle XRD patterns are displayed in fig. 5.7 as an 
example. LiFSI doping or fiber addition changed the peak widths 
and shapes. In the phase III region (fig. 5.7(a)), adding LiFSI or
fibers did not affect the overall positions of the peaks. However, the 
peaks became broader with LiFSI or fiber addition, indicative of 
smaller crystallite formation in these samples.  
In fig. 5.7(a), some peaks were missing in the [C2mpyr][FSI] - 20 
wt% PVdF - 10 mol% LiFSI diffractogram, which may be due to the 
disordering effect of the fibers on the plastic crystal lattice. In the 
phase II and I region, fig. 5.7(a-c), peak shifts occurred with both 
LiFSI doping and fiber addition, reflecting differences in the unit cell 
volumes. 
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Fig. 5.6 Synchrotron XRD patterns of phase I, II, and III of the four 
systems, [C2mpyr][FSI], [C2mpyr][FSI] - 10 mol% LiFSI, [C2mpyr][FSI] - 
20 wt% PVdF and [C2mpyr][FSI] - 20 wt% PVdF - 10 mol% LiFSI.  
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The synchrotron XRD patterns of 8 wt% PVdF - 92 wt% 
([C2mpyr][FSI] - 50 mol% LiFSI) at 27 oC, then annealing at 110 oC 
for different times, up to 2 hours, then returned to 27 oC were 
acquired and are shown in fig. 5.8. The peaks were all from PVdF 
fibers and remained the same during the annealing process. This 
result is in clear contrast with the new peaks which appeared at 110 
oC in [C2mpyr][FSI] - 50 mol% LiFSI, shown in fig. 4.5 (Chapter 4) 
and discussed in section 4.2.3 (Chapter 4). This meant that the 
presence of PVdF fibers hindered the formation of the new 
crystalline phase formed by [C2mpyr][FSI] and LiFSI when the 
temperature was increased to near the crystallization temperature 
of [C2mpyr][FSI] - 50 mol% LiFSI. This second-phase hindrance 
phenomenon was also observed in other plastic crystal composite 
systems 10, 146. 
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Fig. 5.7 The expanded low angle XRD patterns comparing the effects of 
LiFSI and PVdF addition at different phases (a) phase III, (b) phase II, 
and (c) phase I. The intensities are as acquired from measurement.     
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Fig. 5.8 Synchrotron XRD patterns of 8 wt% PVdF - 92 wt% 
([C2mpyr][FSI] - 50 mol% LiFSI) at 27 oC, then annealing at 110 oC for 
different time, up to 2 h, then returned to 27 oC.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 123 
 
Table 5.2 The space group and unit cell parameters including a, b, c, α, 
β, γ, and unit cell volume of [C2mpyr][FSI], [C2mpyr][FSI] - 10 mol% LiFSI, 
[C2mpyr][FSI] - 20 wt% PVdF, [C2mpyr][FSI] - 20 wt% PVdF - 10 mol% 
LiFSI. 
 
 
Material phase Space Group a(Å) b(Å) c(Å) a(°) β(°) γ(°) 
Unit cell 
volume(Å3) 
 III 
C2/m 
(monoclinic) 
7.6352(5) 10.5337(8) 12.1091(4) 90 126.(2) 90 785.5(4) 
[C2mpyr][FSI] II 
P6/mmm 
(trigonal) 
12.5128(2) 12.5128(2) 11.9220(8) 90 90 120 1616.5(7) 
 I 
Fmmm 
(orthorhombic) 
12.4552(0) 14.6151(2) 15.8127(8) 90 90 90 2878.4(7) 
 III C2/m 7.9810(3) 10.7128(7) 10.9286(3) 90 
104. 
(8) 
90 903.4(7) 
[C2mpyr][FSI] 
- 10 mol% 
LiFSI 
II P6/mmm 20.9631(4) 20.9631(4) 3.7092(6) 90 90 120 1409.1(9) 
 I Fmmm 8.7032(3) 16.4164(4) 18.6101(4) 90 90 90 2658.9(5) 
 III C2/m 6.7247(7) 10.9855(4) 9.3244(2) 90 91. (8) 90 688.5(2) 
[C2mpyr][FSI] 
- 20 wt% 
PVdF 
II P6/mmm 12.7998(7) 12.7998(7) 11.8938(6) 90 90 120 1687.5(8) 
 I Fmmm 12.2543(9) 14.4071(5) 15.6677(0) 90 90 90 2766.1(5) 
 III C2/m 6.7019(1) 11.0569(2) 11.3358(6) 90 
123. 
(4) 
90 701.3(5) 
[C2mpyr][FSI] 
- 20 wt% 
PVdF - 10 
mol% LiFSI 
II P6/mmm 12.3874(8) 12.3874(8) 14.1728(0) 90 90 120 1883.4(4) 
 I Fmmm 11.0418(4) 16.1326(2) 16.3924(2) 90 90 90 2920.4(1) 
 
 
 
 
 
 
 
 
 
 124 
 
5.6 Nuclear magnetic resonance 
 
10 mol% LiFSI-containing samples  
 
Fig. 9.1 (Chapter 9, appendix) shows the static 1H, 7Li, and 19F NMR 
spectra of the [C2mpyr][FSI], [C2mpyr][FSI] - 10 mol% LiFSI and 
[C2mpyr][FSI] - 10 wt% PVdF - 10 mol %LiFSI systems measured 
at 223 K and 293 K, which are in the temperature range of plastic 
crystal phase II and phase I, respectively. The full widths at half 
maximum (FWHM) and proportions of mobile and static species for 
each spectrum were calculated and listed in table 5.3. 
The extremely narrow line of the [C2mpyr][FSI] - 10 mol% LiFSI 
sample implies that a new phase with liquid-like mobility has been 
formed upon doping with 10 mol% LiFSI. This liquid can also be 
observed visually at room temperature if the doped plastic crystal 
is pressed. At 293 K, the percentage of mobile protons (based on 
the area ratio of the sharp peak to the broad peak) for [C2mpyr][FSI] 
- 10 mol% LiFSI was 85%, indicating much higher mobility of the 
pyrrolidinium cation upon addition of the lithium salt. Adding PVdF 
leads to a broadening of the resonance consistent with a decrease 
in the ion mobility. Comparing the [C2mpyr][FSI] and [C2mpyr][FSI] 
- 10 wt% PVdF - 10 mol% LiFSI, the smaller FWHM for the 
composite indicates that the cations in the composite are more 
mobile than those in the neat [C2mpyr][FSI]. A similar situation was 
observed at 223 K, when the plastic crystal is in phase II. 
[C2mpyr][FSI] - 10 mol% LiFSI exhibited increased mobility of the 
pyrrolidinium cations compared to the pristine plastic crystal sample. 
Introduction of polymer fibers slightly reduced the cation mobility 
compared to the sample without fiber. This change in 1H NMR 
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linewidths indicates possible interactions between the pyrrolidinium 
cation and the PVdF matrix.   
For the 19F spectra at 293K (phase I), the FWHM values for 
[C2mpyr][FSI] - 10 mol% LiFSI are smaller than in [C2mpyr][FSI] - 
10 wt% PVdF - 10mol% LiFSI and in [C2mpyr][FSI]. This means 
that the [FSI] anion is most mobile in [C2mpyr][FSI] - 10 mol% LiFSI 
sample. In the phase II region, at 223 K, the FWHM for all three 
spectra increased compared to at 293 K. Compared to the neat 
[C2mpyr][FSI], addition of lithium salt slightly decreased the FWHM 
in the 19F spectra, while addition of polymer to make the 
[C2mpyr][FSI] - 10 wt% PVdF - 10 mol% LiFSI composite returned 
the FWHM back to close to its original values. This indicates that 
adding lithium salt enhanced the mobility of the mobile [FSI]- anions, 
whereas further introduction of PVdF reduced their mobility.  
For the 7Li at 293 K and 223 K, narrow FWHM values for both 
[C2mpyr][FSI] - 10 mol% LiFSI and [C2mpyr][FSI] - 10 wt% PVdF - 
10 mol% LiFSI are observed, suggesting that these ions are 
diffusive.  However, their mobilities were greatly reduced by PVdF 
incorporation. This suggests a possible strong interaction of lithium 
ions with the polymer matrix. The presence of the polymer led to 
larger FWHM for lithium ions at both temperatures. These 
phenomena are consistent with the previous observation that the 
conductivity of the LiFSI doped [C2mpyr][FSI] - PVdF composites 
was lower than for LiFSI doped [C2mpyr][FSI] without the PVdF 
polymer.  
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Table 5.3 The percent (integrated area) and full width at half maximums 
(FWHM) of each peak for (a) [C2mpyr][FSI], (b) [C2mpyr][FSI] - 10 mol% 
LiFSI, (c) [C2mpyr][FSI] - 10 wt% PVdF - 10 mol% LiFSI at 223 K and 
293 K. Fitting error less than 10%. The NMR curves are shown in fig. 9.1. 
 
(a) 
[C2mpyr][FSI] 
1H 19F 
Percent(%) FWHM(Hz) Percent(%) FWHM(Hz) 
223 K Peak 1 100 10069 100 7550 
293 K Peak 1 100 3686 100 2854 
 
(b) 
[C2mpyr][FSI] - 10 
mol% LiFSI 
1H 19F 7Li 
Percent(%) FWHM(Hz) Percent(%) FWHM(Hz) Percent(%) FWHM(Hz) 
 
 
223 K 
Peak 1 22 1439 100 6589 100 302 
 Peak 2 78 8878 - - - - 
 
 
293 K 
Peak 1 85 1000 10 82 100 27 
 Peak 2 15 1692 90 1285 - - 
 
(c) 
[C2mpyr][FSI] - 10 wt% 
PVdF - 10 mol% LiFSI 
1H 19F 7Li 
Percent(%) FWHM(Hz) Percent(%) FWHM(Hz) Percent(%) FWHM(Hz) 
223 K Peak 1 100 8833 100 6973 100 612 
293 K Peak 1 100 1809 100 1408 100 366 
 
 
 
 
 
 
 
 127 
 
 
50 mol% LiFSI-containing samples 
 
The following discussion pertains to the study of the NMR results 
of the composites containing 50 mol% LiFSI. The superimposed 
curves were deconvoluted into two components, a narrow peak 1, 
(fast-moving species), and a broad peak 2, (slow-moving species). 
The FWHM fitting results for [C2mpyr][FSI] - 50 mol% LiFSI are 
listed in table 5.4. The widths of the deconvoluted NMR peaks are 
plotted in fig. 5.9. For [C2mpyr][FSI] - 50 mol% LiFSI, only the 
widths of the peaks corresponding to the fast-moving species are 
shown, because they represent the main contribution to ion 
conduction. 
It is apparent that all peaks became narrower with increasing 
temperature, due to the expected increase in mobility. For 1H and 
19F, the peak widths were generally narrower in the following order: 
[C2mpyr][FSI] - 50 mol% LiFSI (liquid) < 8 wt% PVdF - 92 wt% 
([C2mpyr][FSI] - 50 mol% LiFSI) < [C2mpyr][FSI], while 
[C2mpyr][FSI] – 50 mol% LiFSI showed consistently narrower 7Li 
peaks compared to those for the concentrated composite 
electrolyte. These results imply that in general, [C2mpyr]+ and [FSI]- 
ions in liquid [C2mpyr][FSI] - 50 mol% LiFSI have higher mobilities 
than in the concentrated composite electrolyte, which in turn were 
greater than in neat [C2mpyr][FSI]. Similarly, Li+ ions were most 
mobile within [C2mpyr][FSI] - 50 mol% LiFSI. These ionic mobility 
results follow the same order as the ionic conductivities of the three 
systems; this is as expected, because the measured ionic 
conductivity is considered to be the sum of the motions of all of the 
component ions. 
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Fig. 5.9 FWHM (kHz) for 1H (a), 19F (b), 7Li (c) of [C2mpyr][FSI], 
[C2mpyr][FSI] - 50 mol% LiFSI, 8 wt% PVdF - 92 wt% ([C2mpyr][FSI] - 50 
mol% LiFSI) composite. For 1H of [C2mpyr][FSI] - 50 mol% LiFSI, only 
the mobile phase represented by peak 1 (table 5.4) is shown. The NMR 
spectra are shown in fig. 9.2 in Chapter 9, appendix. 
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Table 5.4 The FWHM for [C2mpyr][FSI] - 50 mol% LiFSI: 1H, 19F, 7Li. 
Peak 1 represents the fast-moving species. Peak 2 represents the slow-
moving species. 
 
[C2mpyr][FSI] - 50 mol% 
LiFSI 
1H 19F 7Li 
Percent 
(%) 
FWHM 
(Hz) 
Percent 
(%) 
FWHM 
(Hz) 
Percent 
(%) 
FWHM 
(Hz) 
-50 °C Peak 1 100% 9456 100% 37212 100% 1659 
 Peak 2 - - - - - - 
20 °C Peak 1 45% 334 100% 852 100% 80 
 Peak 2 55% 800 - - - - 
110 °C Peak 1 34% 634 100% 172 100% 114 
 Peak 2 66% 2833 - - - - 
150 °C Peak 1 24% 394 100% 160 100% 92 
 Peak 2 76% 3570 - - - - 
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5.7 Conclusions 
 
The effects of PVdF fiber addition on the thermal phases, 
morphologies, structures and ion transport properties of neat 
[C2mpyr][FSI], [C2mpyr][FSI] - 10 mol% LiFSI and [C2mpyr][FSI] - 
50 mol% LiFSI were studied. PVdF fibers were found to have 
profound interactions with the plastic crystal and Li+ ions at the 
molecular level. The effects can be divided into three main aspects: 
1. ‘Neat’ [C2mpyr][FSI]: The melting points and entropies of PVdF 
and [C2mpyr][FSI] were both lowered when they were mixed and 
made into composites, reflecting their possible interactions at the 
molecular level. The ionic conductivities of the [C2mpyr][FSI] were 
also increased by the addition of PVdF, possibly by the disordering 
effects of the polymer chains on the crystalline structure of the 
plastic crystal and the formation of defects. XRD study revealed 
that the addition of PVdF did not change the crystal structure of 
[C2mpyr][FSI]. The ionic conductivities were also dependent on the 
amount of PVdF added. The conductivity was higher with less 
PVdF.  
2. 10 mol% LiFSI doped [C2mpyr][FSI]: The ionic conductivity of 
[C2mpyr][FSI] - 10 mol% LiFSI was reduced by the addition of PVdF 
fibers. This is in agreement with NMR results that the ion mobilities 
were lower in the composites, which might explain the reduced 
conductivity in the composites. A slight change in the crystalline 
lattice of [C2mpyr][FSI] was evidenced by the missing peaks in the 
XRD pattern of 10 mol% LiFSI-doped composites with PVdF.  
3. 50 mol% LiFSI-containing [C2mpyr][FSI]: The presence of fibers 
hindered the formation of certain crystalline phases in the 
[C2mpyr][FSI] - 50 mol% LiFSI around its crystallization 
temperature, at 124 °C. The crystallization process that appeared 
in the [C2mpyr][FSI] - 50 mol% LiFSI  sample disappeared in the 
 131 
 
composites prepared with PVdF during annealing at high 
temperature. Compared with 50 mol% LiFSI-containing 
[C2mpyr][FSI], the ionic conductivities of composites with PVdF 
were also lowered, which was also corroborated by the ion 
dynamics study by NMR techniques. 
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6  
CHAPTER 6 IMPACT OF PVdF MORPHOLOGY 
 
6.1 Introduction  
 
Prior work in the group by Wang et al. 151 has shown that the 
interactions between the –CF2 dipoles on the PVdF polymer chain 
and [C2mpyr]+ cations in the plastic crystal, [C2mpyr][BF4], can 
result in the partial amorphization and enhanced ion dynamics of 
the plastic crystal. It was then realized that these ion-dipole 
interactions could be better understood by using polymer particles 
with spherical shape to have a better control of the surface area. A 
highly conductive interfacial area was discerned in the composite 
comprised of PVdF nanoparticles and [C2mpyr][FSI] 54. The ionic 
conductivity of the optimized composite, 60 wt% PVdF and 40 wt% 
Li-doped [C2mpyr][FSI], even surpassed that of Li-doped 
[C2mpyr][FSI]. This was concluded to be due to the formation of a 
percolated and highly conductive Li ion pathway.  
However, in the composites prepared with the electrospun PVdF 
nanofibers, a rather high loading, up to 90 wt%, of the relatively 
expensive plastic crystal was required to fill the porous matrix. 
Further, the random distribution of the fibers make it harder to 
control the interfacial area interacting with the plastic crystal, which 
is quite important in governing the ion transport in the composites. 
Another drawback of the fiber composite is the soft nature of the 
membranes, prone to allow short-circuits due to Li dendrite growth. 
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In this work, liquid 50 mol% Li-containing [C2mpyr][FSI] was made 
into solid composites with either PVdF nanofibers or nanopowders 
to study the effects of the morphology of the polymer on the 
physico-chemical and electrochemical properties of the composites. 
The contents of the fiber composites were optimized, while the 
powder composites followed the ratio identified in ref. 54 to allow 
comparison. The PVdF nanoparticles used were also the same as 
those used in ref. 54. The average diameter of the PVdF 
nanoparticles was 362 nm. 
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6.2 Physico-chemical properties 
6.2.1 Phase behavior 
 
The phase behavior of the composites prepared with different 
contents of PVdF fibers and [C2mpyr][FSI] - 50 mol% LiFSI are 
shown in fig. 6.1(a). The composites had a similar Tg at around -
77 °C and PVdF fiber melted at 152 °C. The composites prepared 
with 60 wt% PVdF powders and 40 wt% [C2mpyr][FSI] - 50 mol% 
LiFSI also had an additional crystallization peak at 130 °C, Tg at -
79 °C and melting of PVdF at 144 °C, as shown in fig. 6.1(b). The 
crystallization peak was concluded to be due to the Li-containing 
plastic crystal phase, as the neat [C2mpyr][FSI] - 50 mol% LiFSI 
showed a crystallization peak at 123 °C. The absence of the 
crystallization peak in the fiber composites in fig. 6.1(a) was due to 
the annealing procedure during the composite preparation.  
 
Fig. 6.1 Thermal behavior of (a) composites with different contents of 
PVdF fibers, (b) [C2mpyr][FSI] - 50 mol% LiFSI, and 362 nm PVdF 
powder based composite (60 wt% PVdF - 40 wt% ([C2mpyr][FSI] - 50 
mol% LiFSI)). 
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6.2.2 Morphology 
 
The surface morphologies of electrospun PVdF nanofibers and 8 
wt% PVdF - 92 wt% ([C2mpyr][FSI] - 50 mol% LiFSI) fiber 
composite are shown in fig. 6.2(a-b). The electrospun PVdF was 
composed of randomly distributed fibers, fig. 6.2(a), with diameters 
of around 0.83 - 1.1 µm. It has a porous and non-woven structure. 
When 92 wt% of [C2mpyr][FSI] - 50 mol% LiFSI was cast into the 
electrospun PVdF matrix, the nanofibers were fully covered with the 
Li-containing plastic crystal, as shown in fig. 6.2(b). The uniform 
distribution of the lithium salt and plastic crystal within the PVdF 
matrix is believed to provide a continuous Li+ ion pathway.  
The pristine PVdF particles used to prepare the powder composite 
are shown in fig. 6.2(c). They are composed of round beads with 
an average diameter of 362 nm. When 60 wt% PVdF particles and 
40 wt% of [C2mpyr][FSI] - 50 mol% LiFSI were mixed and 
developed as composites, they were continuously covered by the 
plastic crystal. The plastic crystal-coated PVdF particles had an 
average diameter of 403 nm, as shown in fig. 6.2(d). The particle 
diameters were measured with SEM. 
The distinct morphologies of [C2mpyr][FSI] - 10 wt% PVdF - 
10 mol% LiFSI composite, shown in fig. 5.3(d) in Chapter 5 and 8 
wt% PVdF - 92 wt% ([C2mpyr][FSI] - 50 mol% LiFSI) composite, 
shown in fig. 6.2(b) were consistent with DSC, XRD and NMR 
results. For the [C2mpyr][FSI] - 10 wt% PVdF - 10 mol% LiFSI 
composite preparation, after solvent casting, the [C2mpyr][FSI] - 10 
mol% LiFSI crystallied when the solvent was removed, thus the 
composite morphology showed a clear grain structure. While for the 
8 wt% PVdF - 92 wt% ([C2mpyr][FSI] - 50 mol% LiFSI) composite, 
the liquid [C2mpyr][FSI] - 50 mol% LiFSI cannot crystallize, thus the 
composite showed the plasticized fibers, not grains in fig. 6.2(b). 
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Similarly, there were no grains in the 60 wt% PVdF - 40 wt% 
([C2mpyr][FSI] - 50 mol% LiFSI) powder composite in fig. 6.2(d). 
 
 
Fig. 6.2 Surface morphologies of (a) electrospun PVdF fibers, (b) 8 wt% 
PVdF - 92 wt% ([C2mpyr][FSI] - 50 mol% LiFSI) fiber composite, (c) 362 
nm PVdF powder, (d) 60 wt% PVdF - 40 wt% ([C2mpyr][FSI] - 50 mol% 
LiFSI) powder composite. 
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6.2.3 Ionic conductivities 
 
The ionic conductivities of the liquid [C2mpyr][FSI] - 50 mol% LiFSI, 
fiber composites with different contents of PVdF fibers (9, 8, 7 wt%), 
and powder composite of 60 wt% PVdF - 40 wt% ([C2mpyr][FSI] - 
50 mol% LiFSI) are compared in fig. 6.3. The liquid [C2mpyr][FSI] - 
50 mol% LiFSI had the highest conductivity throughout the entire 
temperature range, apart from -40 °C. Of the fiber composites, the 
highest conductivity was found for the 8 wt% PVdF - 92 wt% 
([C2mpyr][FSI] - 50 mol% LiFSI) and thus this was selected for 
further research. Compared with this optimized fiber composite, the 
powder composite, 60 wt% PVdF - 40 wt% ([C2mpyr][FSI] - 50 mol% 
LiFSI), had a lower conductivity below 0 °C and higher conductivity 
above 0 °C. This result is interesting because for the powder 
composite, a much smaller amount of the conductive material, Li-
containing plastic crystal, produced a much more conductive 
electrolyte. Moreover, the ionic conductivity of the powder 
composite was close to that of the liquid [C2mpyr][FSI] - 50 mol% 
LiFSI sample. The reason for the higher ionic conductivity of the 
powder composite with less plastic crystal materials compared to 
the fiber composite was thought to be due to the larger interfacial 
area formed between the PVdF particles and plastic crystal. The 
interfacial interactions between them also induced the formation a 
highly conductive zone 54, thus producing a highly conductive 
composite. 
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Fig. 6.3 Ionic conductivities of [C2mpyr][FSI] - 50 mol% LiFSI, fiber 
composites with different contents of PVdF fibers (9, 8, 7 wt%), and powder 
composite of 60 wt% PVdF - 40 wt% ([C2mpyr][FSI] - 50 mol% LiFSI). 
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6.2.4 Synchrotron X-ray diffraction 
 
To obtain direct evidence of the phases present in the fiber and 
powder composites, synchrotron XRD patterns of the different 
composites were collected. The 8 wt% PVdF - 92 wt% 
([C2mpyr][FSI] - 50 mol% LiFSI) fiber composite was annealed at 
110 °C to study the effect of annealing on the phase change. In the 
[C2mpyr][FSI] - 50 mol% LiFSI sample, the crystallization of a 
second phase at high temperature has been observed with variable 
temperature synchrotron XRD (fig. 4.5, Chapter 4). However, in the 
fiber composite in fig. 6.4(a), the peaks did not change from 27 °C, 
during annealing at 110 °C for 2 hours nor after returning to 27 °C. 
These peaks were concluded to be from the PVdF fibers, as 
discussed in fig. 5.5 in chapter 5. This means the fiber hindered the 
crystallization of the second phase. There is no other crystalline 
phase in the fiber composite except PVdF. The same peaks from 
the PVdF particles and 60 wt% PVdF – 40 wt% ([C2mpyr][FSI] – 50 
mol% LiFSI) powder composite in fig. 6.4(b) indicated that no 
additional crystalline phase was present in the powder composite, 
either. 
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Fig. 6.4 Synchrotron XRD spectra of (a) 8 wt% PVdF - 92 wt% 
([C2mpyr][FSI] - 50 mol% LiFSI) fiber composite at 27 °C (black, bottom 
one), then every half hour for 2 h when annealed at 110 °C, and then 
returned to 27 °C; (b) PVdF particle and 60 wt% PVdF – 40 wt% 
([C2mpyr][FSI] – 50 mol% LiFSI) powder composite at 27 °C. 
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6.2.5 Nuclear magnetic resonance 
 
The variable temperature solid state NMR spectra for [C2mpyr][FSI] 
- 50 mol% LiFSI and 8 wt% PVdF - 92 wt% ([C2mpyr][FSI] - 50 mol% 
LiFSI) fiber composite are shown in fig. 9.2 in the appendix. The 
spectra for 60 wt% PVdF - 40 wt% ([C2mpyr][FSI] - 50 mol% LiFSI) 
powder composite  are shown in fig. 9.3 in the appendix. The full 
width at half maximum (FWHM / kHz) for 1H, 19F, and 7Li of 
[C2mpyr][FSI] - 50 mol% LiFSI, 8 wt% PVdF - 92 wt% ([C2mpyr][FSI] 
- 50 mol% LiFSI) fiber composite, and 60 wt% PVdF - 40 wt% 
([C2mpyr][FSI] - 50 mol% LiFSI) powder composite are compared 
in fig. 6.5. For the fiber and powder composites, the linewidths of 
the powder composite were less than the fiber composite for the 
three nuclei over most of the temperature range. This indicates that 
the [C2mpyr]+, FSI-, Li+ and their complexes are more mobile in the 
powder composite than in the fiber composite, consistent with the 
conductivity comparison. This result is quite counterintuitive as 
there is a much higher content of conductive ionic liquid in the fiber 
composite. Furthermore, the linewidths of the powder composite 
were close to the liquid [C2mpyr][FSI] - 50 mol% LiFSI at 20 °C. 
These results imply that the high interfacial contact area between 
the PVdF particles and plastic crystal in the powder composites 
plays a critical role in the surprisingly high mobilities of ions in this 
system. 
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Fig. 6.5 Full width at half maximum (FWHM / kHz) for 1H (a), 19F (b), 7Li 
(c) of [C2mpyr][FSI] - 50 mol% LiFSI, 8 wt% PVdF - 92 wt% ([C2mpyr][FSI] 
- 50 mol% LiFSI) fiber composite, and 60 wt% PVdF - 40 wt% 
([C2mpyr][FSI] - 50 mol% LiFSI) powder composite. For 1H of 
[C2mpyr][FSI] - 50 mol% LiFSI, only the mobile phase represented by 
peak 1 is shown. 
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6.3 Electrochemical properties 
6.3.1 Cyclic voltammetry 
 
The cyclic voltammogram measurements were performed on the 8 
wt% PVdF - 92 wt% ([C2mpyr][FSI] - 50 mol% LiFSI) fiber 
composite, and 60 wt% PVdF - 40 wt% ([C2mpyr][FSI] - 50 mol% 
LiFSI) powder composite to compare the Li conduction in the 
electrolytes. In fig. 6.6, both electrolytes exhibited stable Li plating 
at around -0.5 V vs Li+/Li and stripping at 0.3 vs Li+/Li. Differences 
in the current densities and columbic efficiencies are clearly evident. 
The highest current density in the first cycle was 6.1 mA cm-2 for 
the fiber composite, while it was 10.1 mA cm-2 for the powder 
composite. In fig. 6.6(a), the columbic efficiency was increasing 
slowly from 47% to 57% by the 4th cycle for the fiber composite. In 
contrast, impressive efficiencies of 90% (5th cycle) and 96% (10th 
cycle) were recorded for the powder composite. The high efficiency 
indicates rapid formation of a stable SEI and demonstrated better 
Li cycling stability for the powder composite compared to the fiber 
composite. 
 
Fig. 6.6 Cyclic voltammogram of the (a) 8 wt% PVdF - 92 wt% 
([C2mpyr][FSI] - 50 mol% LiFSI) fiber composite, and (b) 60 wt% PVdF - 
40 wt% ([C2mpyr][FSI] - 50 mol% LiFSI) powder composite. The voltage 
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range was from -0.5 V to 5 V vs Li+ / Li at 50 °C. The scan rate was 10 
mV s-1. 
 
6.3.2 Li+ transference number 
 
The transference numbers of the 8 wt% PVdF - 92 wt% 
([C2mpyr][FSI] - 50 mol% LiFSI) fiber composite and 60 wt% PVdF 
- 40 wt% ([C2mpyr][FSI] - 50 mol% LiFSI) powder composite were 
measured using the Bruce-Vincent method 163, as shown in fig. 6.7 
and fig. 6.8, respectively. This measurement determines the portion 
of charge carried by the target Li+ among all of the ions when a 
small polarization potential is applied across the electrolyte. The 
fiber composite had a Li+ transference number of 0.37 ± 0.02 and 
the powder composite was 0.44 ± 0.2. The higher bulk electrolyte 
impedance of the powder composite was due to the thicker sample 
used. 
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Fig. 6.7 Transference number measurement: (a) Current I / μA vs Time / 
min after a small voltage, 10 mV, was applied at 50 °C to the 8 wt% PVdF 
- 92 wt% ([C2mpyr][FSI] - 50 mol% LiFSI) fiber composite. The current 
stabilized after 10 minutes. (b) Electrochemical impedance spectra of the 
cell before and after polarization. R0 is the interfacial resistance before 
polarization, Rs after polarization. Semi-circles were fitted to the data to 
obtain the interfacial resistance. 
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Fig. 6.8 Transference number measurement: (a) Current I / μA vs Time / 
min after a small voltage, 10 mV, was applied at 50 °C to the 60 wt% 
PVdF - 40 wt% ([C2mpyr][FSI] - 50 mol% LiFSI) powder composite. The 
current stabilized after 10 minutes. (b) Electrochemical impedance 
spectra of the cell before and after polarization. 
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6.3.3 Li | Li symmetrical cells 
 
The Li | Li symmetrical cell cycling behavior of the fiber and powder 
composites at an applied current density of 0.13 mA  cm-2 at 50 °C 
are presented in fig. 6.9. For both electrolytes, the cells exhibited 
stable cycling for 500 cycles. The average over-potential was 
around 0.0125 V and 0.018 V for the fiber and powder composite, 
respectively. At a specific current density, the magnitude of the 
over-potential in a symmetrical cell reflects the sum of bulk 
electrolyte and electrode-electrolyte interfacial impedances. Both 
potentials were low compared to other plastic crystal-based 
electrolytes 142, 174, indicating smaller impedances. As for the 
differing degree of cell polarization, the slightly increasing over-
potential in fig. 6.9 (a) was due to continued growth of the solid 
electrolyte interphase (SEI) or the accumulation of “dead” Li at the 
interface. The polarization for the powder composite in fig. 6.9 (b) 
was more stable. The break at around 100 h was caused by the 
sudden termperature change through opening of the oven. 
Considering the 80 µm’ thickness of the fiber composite and 200 
µm’ thickness of the powder composite, the cells with the powder 
composite had a much lower normalized over-potential, which 
implied a smaller overall impedance. Better contact for charge 
transfer between the lithium electrode and the powder composite 
should contribute to the small interfacial resistance. The powder 
composites were also subjected to cycling at 0.3 mA cm-2 with each 
half cycle of 1 hour duration. The cells continued to cycle with good 
stability at room temperature and 50 °C, as shown in fig. 6.10.  
This performance compares very favorably with other solid 
electrolytes in terms of high current density and duration of each 
half cycle.  For other solid electrolyte systems, the cells were tested 
at only 0.01 mA cm-2 with a duration of 1 hour (plastic crystal 
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electrolyte) 123, 142, 174, or 0.1 mA cm-2 with a duration of 10 minutes 
(ceramic electrolyte) 175.  
 
 
 
Fig. 6.9 (a) Ewe / V vs Time / h for the Li | 8 wt% PVdF - 92 wt% 
([C2mpyr][FSI] - 50 mol% LiFSI) fiber composite | Li symmetrical cell 
cycling at 0.13 mA  cm-2 for 500 cycles at 50 °C. Each half cycle lasted 
10 minutes; and expanded view of the voltage profile from 168 to 170 h; 
(b) Ewe / V vs Time / h for the Li | 60 wt% PVdF - 40 wt% ([C2mpyr][FSI] 
- 50 mol% LiFSI) powder composite | Li symmetrical cell cycling at 0.13 
mA  cm-2 for 500 cycles at 50 °C. Each half cycle lasted 10 minutes; and 
expanded view of the voltage profile from 140 to 142 h. 
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Fig. 6.10 The Ewe vs Time of the Li | 60 wt% PVdF - 40 wt% 
([C2mpyr][FSI] - 50 mol% LiFSI) powder composite | Li symmetrical cells 
cycling at 0.3 mA cm-2 at (a) 50 °C; (b) room temperature. Each half cycle 
lasted 1 h for both of them. 
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6.3.4 Li | LiNi1/3 Co1/3 Mn1/3O2 cells 
 
Good compatibility of the composite electrolytes with metallic Li 
was demonstrated by Li symmetrical cell cycling. To test the 
electrolyte compatibility with an intercalation cathode, Li | 
LiNi1/3Mn1/3Co1/3O2 cells were prepared and tested. A high cut-off 
voltage, 4.6 V was adopted to test the maximum capacity that could 
be obtained as it has been shown that LiNi1/3Mn1/3Co1/3O2 becomes 
chemically unstable at around 4.6 V, losing oxygen and structural 
stability at around 4.7 V 43, 176.  
8 wt% PVdF - 92 wt% ([C2mpyr][FSI] - 50 mol% LiFSI) fiber 
composite was tested in Li | NMC cells. Fig. 6.11(a) shows the 
voltage vs capacity of selected cycles during charging and 
discharging of a cell cycled at ambient temperature at C/15 with 
cut-off voltages of 2.5 V and 4.6 V. In fig. 6.11(b), a direct 
comparison between the performance of the fiber electrolyte and 
LP 30 electrolyte (1M LiPF6 in EC / DMC (vol. 1:1)) is shown. For 
the LP 30 electrolyte, the discharge capacity in the first cycle 
reached 183 mAh g-1 and decreased by 15%, to 155 mAh g-1 after 
30 cycles. The columbic efficiency was above 97% for most cycles. 
The cell stopped cycling when the voltage could not reach the cut-
off voltage, 4.6 V during charging. For the fiber electrolyte, the initial 
discharge capacity was around 120 mAh g-1 which gradually 
decreased with cycling, retaining 83% of the initial capacity after 30 
cycles. This cell was subjected to extended cycling up to 78 cycles 
and exhibited columbic efficiencies mostly above 90%. The 
capacity decay for the cells is attributed, at least in part, to the NMC 
cathode becoming chemically or structurally unstable after long-
term cycling to high voltages (4.6 V) 43. No formation cycling was 
performed prior to full cell cycling which may also a contribute to 
capacity fading. To check the rate capability of the fiber electrolyte, 
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another cell was cycled at different C-rates, C/15, C/10, C/5, C/2, 
C and then C/15 again; the charge and discharge capacities 
exhibited a typical step-like drop with increasing rate, and 
recovered when the current was reset to C/15, in fig. 6.11(c).  It is 
interesting to note that the discharge capacities at the last five 
cycles were slightly higher than the initial five cycles at C/15. The 
high rate cycling seemed to stabilize the electrode-electrolyte 
interface, which has been reported previously 39, 177, and was 
attributed to the Li+ high concentration produced at the Li anode 
during high-rate discharge helping stabilize the SEI, in the presence 
of highly concentrated electrolytes. The metastability of the 
composite electrolyte might be a problem for long-term cycling of 
the cells as [C2mpyr][FSI] - 50 mol% LiFSI was a liquid metastable 
phase with a crystallization peak, as shown in fig. 4.1 in Chapter 4, 
it’s slow crystallization over time would have obvious potential 
detrimental effects on cell cycling. 
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Fig. 6.11 Li | LiNi1/3Mn1/3Co1/3O2 cells cycling at ambient temperature (a) 
voltage vs capacity at selected cycles for cells with 8 wt% PVdF - 92 wt% 
([C2mpyr][FSI] - 50 mol% LiFSI) fiber composite and (b) discharge 
capacity and efficiency vs cycle number at rate C/15, comparison 
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between the fiber electrolyte and LP30 electrolyte (1M LiPF6 in EC / DMC 
(vol. 1: 1)). The black solid square and blue solid circle are the discharge 
capacity and efficiency, respectively, of the fiber electrolyte. The black 
hollow squares and blue hollow circle are the discharge capacity and 
columbic efficiency, respectively, of LP30 electrolyte. Li | 
LiNi1/3Mn1/3Co1/3O2 cells cycling at ambient temperature (c) capacity vs 
cycle number at different C rates of C/15, C/10, C/5, C/2, C, and C/15.  
The cut-off voltages were 2.5 V and 4.6 V. 
 
The 362 nm PVdF based powder electrolytes were cycled in Li | 
LiNi1/3Mn1/3Co1/3O2 full cells at ambient temperature (around 23 °C) 
and 50 °C and compared with the commercial LP30 electrolyte (1 
M LiPF6 in EC : DMC (vol. 1 : 1)) cycled at 50 °C. The cut-off voltage 
was from 2.5 V to 4.6 V. At 50 °C, in fig. 6.12(a), the cells with 
powder electrolyte and LP30 electrolyte were left for extended 
cycling for more than 1300 cycles. Although the initial discharge 
capacities of the powder electrolyte were slightly lower than the 
LP30 electrolyte, it had much better capacity retention than the 
latter during extended cycling. The powder electrolyte had a 
discharge capacity of 154 mAh g-1 in the first cycle and exhibited 
gradual capacity decay, while the LP30 electrolyte plummeted in 
the first 300 cycles and became unstable. This result clearly proved 
the superiority of the powder electrolyte over the LP30 electrolyte 
in terms of thermal and electrochemical stability. The charge-
discharge curves of the 1st, 100th, and 1000th cycles are shown in 
fig. 6.12(d) for the powder electrolyte at 50 °C. While at room 
temperature, the discharge capacities even increased after 100 
cycles, as shown in fig. 6.12(b).  
The cells with the powder electrolyte were also cycled at different 
C rates, C/15, C/10, C/5, C/2, 1C, and C/15 again, as shown in fig. 
6.12(c) for room temperature and (e) for 50 °C to test the rate 
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capability. The discharge capacities exhibited a typical step-like 
behavior for cycling at different C rates and still retained more than 
100 mAh g-1 discharge capacity at 1C. When returning to C/15 
again, the discharge capacities increased to 135 mAh g-1, slightly 
lower than the first 5 cycles at C/15. 
 
 
 
 
 
 
 
 
 
 156 
 
 
 
Fig. 6.12 Li | LiNi1/3Mn1/3Co1/3O2 full cells cycling with the 362 nm PVdF-
based composite powder electrolytes. (a) Discharge capacity comparison 
between LP30 and powder electrolytes for cells cycling at a rate of 1C at 
50 °C. Cells cycling at room temperature at 1C: (b) the 1st and 100th 
charge-discharge curves (c) charge and discharge capacities of powder 
electrolyte at different C rates. Cells cycling at 50 °C at 1C: (e) the 1st, 
100th, and 1000th charge-discharge curves (f) charge and discharge 
capacities of powder electrolyte at different C rates. The cut-off voltages 
for all the cells were from 2.5 V to 4.6 V. 
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6.3.5 Post-mortem analysis 
 
To assess the impact of cell cycling on the Li electrode surface and 
to analyze for dendrites, the cells were taken apart. The lithium 
electrodes were washed with hexane and analyzed with SEM.  
For the Li | NMC cell cycled at ambient temperature with the 8 wt% 
PVdF - 92 wt% ([C2mpyr][FSI] - 50 mol% LiFSI) fiber composite 
electrolyte, a steady decline of discharge capacity was observed, 
shown in fig. 6.11. The Li surface, fig. 6.13(a), was flat with a few 
isolated Li particles.  
For the Li | NMC cell cycled at 50 °C with the 60 wt% PVdF - 40 wt% 
([C2mpyr][FSI] - 50 mol% LiFSI) powder composite electrolyte in fig. 
6.12, fig. 6.13(b) shows the smooth lithium surfaces of the cells. It 
is interesting to see some PVdF beads embedded into lithium 
matrix, possibly indicating a good interfacial layer between the 
electrolyte and lithium anode. The PVdF beads can also help to 
hinder the growth of Li dendrites, and the high compression 
strength of the bulk composite electrolyte may also prevent the 
penetration. This is consistent with the long cycle life of the cells in 
fig. 6.12(a). 
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Fig. 6.13 (a) Li surface from the dismantled Li | NMC full cell cycled in fig. 
6.11 at ambient temperature of the 8 wt% PVdF - 92 wt% ([C2mpyr][FSI] 
- 50 mol% LiFSI) fiber composite. (b) Li surface from the dismantled Li | 
NMC full cell cycled in fig. 6.12 at 50 °C of the 60 wt% PVdF - 40 wt% 
([C2mpyr][FSI] - 50 mol% LiFSI) powder composite. 
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6.4 Conclusions 
 
The shape of PVdF has pronounced effects on the ion transport 
and cell performance of the composite electrolytes prepared with 
50 mol%-containing [C2mpyr][FSI]. Comparing the fiber and 
powder composites, there are both similarities and differences: 
1. Similarities. The [C2mpyr][FSI] - 50 mol% LiFSI was in an 
amorphous state in both fiber and powder composites. And the 
presence of polymer, whether fiber or powder, hindered the 
crystallization from occurring when the temperature was increased 
to near the crystallization temperature of [C2mpyr][FSI] - 50 mol% 
LiFSI. 
2. Differences. The optimal content was different for fiber and 
powder composites, as identified by ionic conductivity 
measurements. For fiber composites, it is  8 wt% PVdF - 92 wt% 
([C2mpyr][FSI] - 50 mol% LiFSI)  exhibited the highest conductivity, 
while 60 wt% PVdF - 40 wt% ([C2mpyr][FSI] - 50 mol% LiFSI)  was 
optimal for the powder composite. Although a lower loading of 
conductive material was present in the powder composite, the ionic 
conductivity was much higher than that of the fiber composite. This 
result agrees with the NMR measurements. The reason was 
thought to be due to the formation of percolated highly conductive 
interfacial layer around the PVdF particles. The powder composite 
also exhibited better Li ion conduction ability, higher Li+ 
transference number, better Li | Li symmetrical cell and Li | NMC 
full cell cycling than the fiber composite. The robustness of the 
powder electrolyte was also demonstrated with long-term cycling of 
Li | NMC cell at a high rate, 1C. The high compressive strength of 
the powder electrolyte may contribute to preventing the penetration 
of Li dendrite, compared with the relative softness of the fiber 
composite. 
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7  
CHAPTER 7 IMPACT OF PVdF POWDER SIZE 
 
7.1 Introduction  
 
The excellent battery performance of the solid electrolyte prepared 
by pressing the PVdF nanopowders with Li-containing plastic 
crystal was described in chapter 6. The reason for the high ionic 
conductivity and good performance of the solid electrolyte were 
concluded to be due to the formation of the highly conductive 
interfacial layer between the PVdF nanopowders and the plastic 
crystal. Thus, the surface area of the PVdF nanopowders in the 
electrolyte should play a critical role in providing interfacial area and 
influencing ion conduction.  
Thus, to compare the effects of the PVdF powder size on the 
physicochemical and electrochemical properties of the solid 
electrolyte, in this work, PVdF beads with two different diameters, 
200 nm and 362 nm, were used to prepare and characterize the 
solid electrolytes.  
The SEM of two kinds of PVdF beads are shown in fig. 7.1. The 
composites with two different sizes of PVdF were prepared 
following the procedures described in ref. 54. Briefly, the PVdF 
particles were mixed with 50 mol% LiFSI-containing [C2mpyr][FSI] 
and uniformly stirred in a solvent. Then the mixture was evaporated, 
dried and pressed to get the solid, transparent composites. For both 
of the composites, the weight ratio was kept at 60 wt% of PVdF and 
40 wt% of 50 mol% LiFSI-containing [C2mpyr][FSI] to make a direct 
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comparison and named as 200 nm PVdF based composite and 362 
nm PVdF based composite, respectively.   
 
 
Fig. 7.1 The SEM of PVdF beads with different average diameters, (a) 
200 nm (b) 362 nm.  
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7.2 Physico-chemical properties 
7.2.1 Phase compositions and behavior 
 
Prior work on plastic crystal 151 and ionic liquid 178 suggested there 
were strong interactions between them and PVdF at the molecular 
level. Therefore, I investigated the phase compositions of the 
materials used in this study from different sources. FTIR was used 
to characterize the PVdF particles with different sizes. The FTIR 
results in fig. 7.2 showed that the two different PVdF particles had 
very similar α and β phase distributions 179, 180, rendering the direct 
comparison of the effects of PVdF sizes accessible.  
To ascertain the phases present in the composites, DSC results of 
the different sizes of PVdF and their composites are shown in fig. 
7.3. In the neat 50 mol% LiFSI-containing [C2mpyr][FSI], which is a 
clear, viscous liquid as detailed in chapter 2, there was a Tg at -
81 °C and a recrystallization peak at 123 °C. In the 200 nm and 362 
nm PVdF based composites, similar Tg and recrystallization peaks 
were retained with only a few degrees’ difference. The peaks at 147 
and 162 °C were due to melting of PVdF, given the close enthalpy 
calculated for these two peaks compared to that of the of 200 nm 
PVdF at 151 °C in fig. 7.3(b). The same goes for the melting peaks 
at 144 and 161 °C for 362 nm PVdF based composite. These 
results clearly show that the Li-containing plastic crystal was still in 
an amorphous state in both composites. 
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Fig. 7.2 The FTIR comparison showed PVdF with different particle sizes, 
200 nm and 362 nm, had similar α and β phase distribution 179, 180. 
 
 
Fig. 7.3 The DSC curves of (a) [C2mpyr][FSI] – 50 mol% LiFSI, 200 nm 
PVdF based composite, and 362 nm PVdF based composite; (b) 200 nm 
PVdF and 362 nm PVdF. 
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7.2.2 Ionic conductivities 
 
As shown in fig. 7.4(a), the ionic liquid, [C2mpyr][FSI] - 50 mol% 
LiFSI had the highest ionic conductivity in the whole temperature 
range from -40 °C to 100 °C. The ionic conductivities of 200 and 
362 nm PVdF based composite were 1.4 and 2.1 × 10-4 S cm-1 at 
30 °C, respectively. These conductivity values are quite high 
compared with other solid electrolytes, typically 10-5 – 10-7 S cm-1 
at 30 °C for solid polymer electrolytes 181 and 10-5 S cm-1 at 30 °C 
for other plastic crystal based composites 150.  The ionic conductivity 
of 362 nm PVdF based composite was slightly higher than that of 
200 nm. This means that the increase of interfacial conduction area 
by roughly 81% (see fig. 9.5 in the appendix for the estimation) 
between the PVdF and plastic crystal did not substantially enhance 
ion mobilities or number of mobile ions. The reason was postulated 
to be due to the 362 nm beads which were already small enough 
to provide a percolated network and “activate” the ionic motion. As 
there were no uniform PVdF beads with micro-scale sizes available, 
it was not possible to compare the effects of sizes of an order of 
magnitude difference. 
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Fig. 7.4 The ionic conductivities of [C2mpyr][FSI] – 50 mol% LiFSI, 200 
nm PVdF based composite, and 362 nm PVdF based composite from -
40 °C to 100 °C. For each composite, two replicates were measured to 
make the error bars. 
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7.2.3 Synchrotron X-ray diffraction 
 
XRD was used to characterize the phases contained in the 
composites. The synchrotron powder diffraction of the composite 
electrolytes prepared with 200 and 362 nm PVdF beads are shown 
in fig. 7.5. It is clear that both composites showed the same 
diffraction peaks with PVdF beads at 27 °C. The peaks of the 200 
nm PVdF based composite did not change when the temperature 
was increased from 27 °C to 110, 135 °C and returned to 27 °C. 
These results revealed the Li-doped plastic crystal existed as an 
amorphous solid in the composites, consistent with DSC results. 
 
Fig. 7.5 The synchrotron powder diffraction peaks of the 200 nm PVdF 
based composites compared with neat 200 nm PVdF particles (red) and 
362 nm PVdF particles (black) at 27 °C. The 200 nm PVdF based 
composites were also measured at variable temperatures from 27 (blue), 
110 (magenta), 135 °C (olive), then cooled down to 27 °C (navy). 
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7.2.4 Nuclear magnetic resonance 
 
The static nuclear magnetic resonance spectra for 1H, 19F, and 7Li 
of [C2mpyr][FSI] - 50 mol% LiFSI, and composites with different 
sizes of PVdF were acquired and fitted. The full width at half 
maximum (FWHM) of the spectra were calculated and plotted in fig. 
7.6(a-c). The linewidths of the composites with PVdF diameters of 
200 nm and 362 nm nearly coincide for 1H and, 7Li. For 19F, in the 
low temperature region below -20 °C the linewidths of the 362 nm 
PVdF based composite were narrower than those of the 200 nm 
composite. They also had very close Li+ diffusion coefficients from 
20 to 70 °C, as shown in fig. 7.7(d). These results revealed the 
change of PVdF particle size from 362 nm to 200 nm made little 
difference to the mobilities of OIPC anions or cations, the Li+ ions 
or their charge clusters, which is consistent with the minimal 
change in the measured ionic conductivities. 
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Fig. 7.6 The full width at half maximum (FWHM / Hz) comparison for NMR 
spectra of 1H (a), 19F (b), 7Li (c) for [C2mpyr][FSI] - 50 mol% LiFSI, 200 
nm PVdF based composite, and 362 nm PVdF based composite from -
50 °C to 70 °C; (d) the Li diffusion coefficients of 200 nm PVdF based 
composite, and 362 nm PVdF based composite from 20 °C to 70 °C. The 
NMR spectra for [C2mpyr][FSI] – 50 mol% LiFSI can be found in fig. 9.2 
in the appendix. The NMR spectra for 362 nm PVdF based composite is 
shown in fig. 9.3 in the appendix. The NMR spectra for 200 nm PVdF 
based composites is shown in fig. 9.4 in the appendix. 
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7.2.5 Cyclic voltammetry 
 
The cyclic voltammogram comparison between the 200 and 362 
nm PVdF based composites is made in fig. 7.7. The I vs V curves 
and columbic efficiencies for the first ten cycles are shown. Both 
composites exhibited stable cycling of Li, including deposition at 
negative potential and stripping at positive potential. Nevertheless, 
different current densities were reached by the composites. The 
highest current density was 5.6 mA cm-2 for the 200 nm PVdF 
based composite, while it was 10.1 mA cm-2 for the 362 nm PVdF 
based composite, indicating a faster Li+ ion transport. Moreover, 
after 10 cycles, the columbic efficiency increased up to 96% from 
61% in the first cycle for the 362 nm PVdF based composite, while 
it was only 81% for the 200 nm PVdF based composite. The results 
indicated the 362 nm PVdF based composite provided better Li+ ion 
transport and interfacial formation than the 200 nm PVdF based 
composite, considering their close thickness at around 200 µm. 
\ 
 
Fig. 7.7 Cyclic voltammogram of the (a) 200 nm PVdF based composite, 
and (b) 362 nm PVdF based composite at 50 °C. The voltage range was 
from -0.5 V to 5 V vs Li+ / Li. The scanning rate was 10 mV s-1.  
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7.2.6 Li | Li symmetrical cell 
 
The compatibility of the composite electrolytes with lithium metal 
was also evaluated using the Li | Li symmetrical cells cycling. A 
direct comparison of the cell polarization potentials for the different 
composites is made in fig. 7.8. The 200 and 362 nm PVdF based 
composites had the same thickness of 200 µm. Both composites 
exhibited stable cycling for 60 hours with each half cycle lasting for 
an hour. The cells with the 362 nm PVdF based composite had a 
potential at around 0.02 V, 0.01 V lower than those with 200 nm 
PVdF based composite. The increase of cell potential by 50% from 
362 to 200 nm PVdF based composite indicated a higher overall 
impedance of the latter cells.  
 
Fig. 7.8 Comparison between the Li | Li symmetrical cells cycled with 200 
and 362 nm PVdF based composites at a current density of 0.1 mA cm-
2 at 50 °C. Each half cycle lasted 1 hour. 
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7.2.7 Li | LiNi1/3 Co1/3 Mn1/3O2 cells 
 
The Li | LiNi1/3 Co1/3 Mn1/3O2 cells behavior with both composite 
electrolytes (200 and 362 nm PVdF) were compared in fig. 7.9. The 
cells were cycled under the same conditions at a rate of 1C at 50 °C 
from 2.5 V to 4.6 V. The C-rate was calculated based on the 
theoretical capacity of 278 mAh g-1 of NMC material. It is obvious 
that cell with 362 nm PVdF based composite had higher discharge 
capacities than that of 200 nm PVdF based composite over 100 
cycles. The 362 nm PVdF based composite exhibited minimal 
capacity drop, the 1st discharge capacity was 154 mAh g-1 dropping 
to 146 mAh g-1 after 100 cycles. For the 200 nm PVdF based 
composite, the 1st discharge capacity was only 134 mAh g-1 and 
dropped quickly to 77 mAh g-1 after 100 cycles. The comparison 
revealed that the 362 nm PVdF based composite had a much better 
Li | LiNi1/3 Co1/3 Mn1/3O2 cell performance and capacity retention 
than that of 200 nm PVdF based composite. This result showed the 
battery performance of the powder compostes was closely related 
to the polymer particle size, which may alter tortuosity and transport 
path of the Li+ ions across the electroltye.  
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Fig. 7.9 Comparison between the Li | LiNi1/3 Co1/3 Mn1/3O2 cells cycled 
with 200 and 362 nm PVdF based composite at a rate of 1C at 50 °C. 
The cut-off voltages for the cells were from 2.5 V to 4.6 V. 
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7.3 Conclusions 
 
The effects of the size of the PVdF nanoparticles on the properties 
of the powder composites and cell performance were compared. 
Two different sizes, 200 and 362 nm PVdF particles were adopted. 
The composites prepared with both particles had similar phase 
behavior and ion dynamics. The only crystalline phase identified in 
both composites was from the PVdF phase. The ionic conductivity 
of 362 nm PVdF based composite was slightly higher than that of 
200 nm PVdF based composite. Interestingly, the 362 nm PVdF 
based composite exhibited much better cell performance in the 
electrochemical characterizations, as evidenced by the higher 
current density reached in the cyclic voltammetry experiments, 
lower cell polarization potential in Li | Li symmetrical cells, higher 
discharge capacities and better capacity retention in Li | LiNi1/3 Co1/3 
Mn1/3O2 cells.  
One of the postulated reasons for the superiority of the 362 nm 
particle composite is the thicker interphase formed between the 
particles and the plastic crystal, as outlined in the discussion of fig 
9.6 in the appendix. Based on this consideration, it can also be 
postulated that the larger particles may provide a more direct (i.e., 
less tortuous) path for ion transport. This does not consider any 
possible differences in the properties of the OIPC-polymer 
‘interphase’ that is created in the composite by the effect of the 
polymer surface curvature on the OIPC crystal structure, although 
no differences between the two composites were observed by 
SXPD, DSC or FTIR.  
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8  
CHAPTER 8 CONCLUSIONS AND FUTURE WORK 
 
8.1 Conclusions 
 
The research in this thesis is centered around the plastic crystal, 
[C2mpyr][FSI], which spans an ideal range of phase I temperature 
from -22 °C to 203 °C. Combined with this plastic crystal, LiFSI salt 
and PVdF polymer were used to prepare solid, free-standing 
composite electrolytes for Li metal battery applications. The 
physico-chemical and electrochemical properties of these 
composites were compared with pristine plastic crystal to reveal the 
effects of lithium salt and PVdF. All solid-state Li metal batteries 
were also successfully cycled with the composite electrolytes. The 
following research questions are answered: 
 
1. What are the effects of LiFSI doping on the phase behavior and 
ion conduction in [C2mpyr][FSI]?  
 
LiFSI mixing has significant effects on the physico-chemical and ion 
transport properties of [C2mpyr][FSI]. The salt can change the 
physical state of the plastic crystal. [C2mpyr][FSI] is a waxy solid 
material. A small amount of liquid can be observed if the 10 mol% 
LiFSI doped [C2mpyr][FSI] sample was pressed. More liquid phase 
was found to be formed with higher LiFSI content. The 50 mol% 
LiFSI-containing [C2mpyr][FSI] sample was a fluid liquid without 
any visible solid phase. 
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Concomitant with the physical change, as shown in fig. 4.1 (Pg. 81), 
the phase behavior of binary [C2mpyr][FSI] - LiFSI mixtures was 
also substantially altered with different contents of LiFSI. Below 10 
mol% LiFSI doping, the mixture still exhibited the unique solid-solid 
transition peaks of [C2mpyr][FSI]. From 20 to 70 mol% LiFSI 
containing, the mixture was liquid exhibiting a Tg and crystallization 
peak. At 80 and 90 mol% LiFSI, the solid-solid transition and 
melting peaks of LiFSI were evident as well as a Tg.  
To compare the effects of lithium salt concentration on the ion 
conduction, two typical concentrations, 10 and 50 mol% LiFSI, were 
selected and their electrochemical properties were characterized. 
The XRD results revealed there was no crystalline phase in the 
liquid 50 mol% LiFSI sample, although the identity of the new phase, 
which appeared when this sample was heated to 110 °C remains 
unknown. 
As shown in fig. 4.3 (Pg. 84), the addition of 50 mol% LiFSI greatly 
enhanced the ionic conductivity of the plastic crystal and its 
conductivity was much higher than that of 10 mol% LIFSI doped 
sample.  
Cyclic voltammetry, Li | Li symmetrical cell, and Li | NMC cell 
cycling all proved the 50 mol% LiFSI had much better performance 
than that of 10 mol%, which were closely related to its better ion 
transport properties. 
 
2. How does PVdF nanofiber / nanoparticle addition influence the 
phase behavior of [C2mpyr][FSI] and key electrolyte parameters 
including transference number, cycling stability and the battery 
electrode morphology? 
 
When the Li-doped [C2mpyr][FSI] was cast into PVdF nanofiber or 
mixed with PVdF nanoparticles, solid and self-standing composite 
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electrolytes could be prepared. The effects of PVdF on the plastic 
crystal can be divided into three parts, 10 mol% LiFSI doped fiber 
composite, 50 mol% LiFSI-containing fiber composite, and 50 mol% 
LiFSI-containing powder composite, depending on the 
concentration of LiFSI and morphology of PVdF. 
 
10 mol% LiFSI doped fiber composite 
 
For the 10 mol% LiFSI doped fiber composite, PVdF fiber addition 
did not affect the solid-solid transitions of the plastic crystal, but 
decreased its melting point by a few degrees. The conductivity of 
neat [C2mpyr][FSI] was increased by PVdF fiber incorporation 
through a disordering effect, but PVdF decreased the conductivity 
of 10 mol% LiFSI doped [C2mpyr][FSI]. Fiber addition also caused 
minor unit cell parameter changes, reflected by XRD peak shifts.  
 
50 mol% LiFSI-containing fiber composite 
 
For the 50 mol% LiFSI-containing fiber composite, PVdF fiber 
addition had little effect on the Tg of the [C2mpyr][FSI] - 50 mol% 
LiFSI. Interestingly, the presence of fiber hindered the 
crystallization process at high temperature that was observed in the 
[C2mpyr][FSI] - 50 mol% LiFSI sample. PVdF fiber addition also 
lowered the conductivity of the [C2mpyr][FSI] - 50 mol% LiFSI. The 
50 mol% LiFSI-containing fiber composites exhibited good Li 
cycling behavior in cyclic voltammetry and Li | Li symmetrical cell 
cycling. It also gave a high Li+ transference number of 0.37 ± 0.02. 
The cycling of Li | NMC cell at rate of C/15 at room temperature 
was also demonstrated, as shown in fig. 6.12 (Pg. 155). 
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50 mol% LiFSI-containing powder composite 
 
For the 50 mol% LiFSI-containing powder composite, the Li-
containing [C2mpyr][FSI] was coated onto the surface of PVdF 
particles. PVdF particles also had little effect on the Tg of 
[C2mpyr][FSI] - 50 mol% LiFSI. There was also no crystalline phase 
in the 50 mol% LiFSI-containing powder composite other than 
partially crystalline PVdF. The 50 mol% LiFSI-containing powder 
composite exhibited rather high current density of 10.1 mA cm-2 in 
cyclic voltammetry and enhanced Li+ transference number of 0.44 
± 0.02. Remarkably, this composite electrolyte exhibited even 
better capacity retention than that of liquid LP 30 electrolyte over 
more than one thousand cycles when the cells were cycled at a rate 
of 1C. It also displayed excellent rate capability. A smooth lithium 
electrode surface was revealed post cycling.  
 
3. What are the effects of using a different polymer nano-particle 
size on the electrolyte ion transport? 
 
PVdF particles with different sizes, 200 nm and 362 nm, were 
adopted to prepare the 50 mol% LiFSI-containing powder 
composite. The conductivity of 362 nm PVdF-based composite was 
slightly higher than that of 200 nm PVdF. Interestingly, the 362 nm 
PVdF-based composite exhibited higher current density in cyclic 
voltammetry, lower cell over-potential in Li | Li symmetrical cells, 
and better capacity retention in Li | NMC cells.  
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8.2 Suggestions for future work 
 
In this thesis, three kinds of solid, self-standing composites were 
prepared; 10 mol% LiFSI doped fiber composite, 50 mol% LiFSI-
containing fiber composite, and 50 mol% LiFSI-containing powder 
composite. The 50 mol% LiFSI-containing powder composite 
exhibited excellent Li | NMC full cell performance, amongst the best 
solid electrolytes reported to date. 54, 83, 182 This success is a great 
step for plastic crystal materials towards wider recognition and 
potential commercialization.  
Possible future work are suggested as follows: 
 
Concentration of Li salt 
 
As was revealed in fig. 4.2 (Pg. 82), the [C2mpyr][FSI] - 50 mol% 
LiFSI sample was a metastable material. The long-term 
metastability of [C2mpyr][FSI] - 50 mol% LiFSI should be studied in 
more detail for battery applications. Furthermore, the identity of the 
phase that crystallized from the [C2mpyr][FSI] - 50 mol% LiFSI 
sample was not determined. If possible, a single crystal of the new 
phase can be grown, so that diffraction peaks can be acquired by 
synchrotron XRD and its structure can be solved, which can allow 
further understanding of the phase behavior and transitions through 
modeling techniques. Besides, the amorphosities of [C2mpyr][FSI] 
with differernt concentrations of LiFSI can be studied as they can 
be correlated with the mechanical strength change and long-term 
performance of the materials. 
 
Presence of PVdF fiber 
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For fundamental understanding, different polymers and plastic 
crystal combinations can be designed with different functionalities 
to study their effects on ion transport. The interactions between the 
polymer and plastic crystal can be studied with more advanced 
techniques to exclude the effects of solvent casting and pressing 
used in this thesis. Ideally, we hope to be able to design composite 
electrolytes with the specific mechanical and electrochemical 
properties we want, if we understand how they were affected by the 
polymer and OIPC functionalities. Some isotope labelling technique 
183 can also be utilized to investigate the ion conduction mechanism 
by tracking their movement during battery cycling.  
 
Advanced techniques 
 
Excellent all-solid-state battery performance was achieved with the 
composite electrolytes prepared with [C2mpyr][FSI] - 50 mol% LiFSI 
and PVdF nano-powders. This solid electrolyte should be tested 
under more rigorous conditions and electrode loadings should be 
increased to commercial level (~ 20 mg cm-2) if the materials are to 
be commercialized. In-situ characterization techniques such as 
XRD, raman spectroscopy and surface-enhanced infrared 
spectroscopy should also be introduced to study the evolution of 
the electrode materials and SEI in real time. The variation of the  
dielectric constant of the host matrix can also be studied with the 
resonant measurement method as they play an important role in 
determining final transport properties. 
 
Powder size 
 
Only 200 and 362 nm round PVdF particles were used to study the 
effects of particle size on the ion transport and battery performance 
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due to materials and time limitations. If possible, other diameters, 
such as µm’ or below 100 nm PVdF particles should be adopted to 
substantially change the interfacial area between PVdF and plastic 
crystal, which are very important to ion conduction. More detailed 
transport mechanisms in the composites can be studied with in-situ 
NMR technique or molecular simulation method. 
 
Other materials 
 
The knowledge we have gained from this research can be applied 
to other areas of the field to make further advances. Following on 
from the very promising results obtained for the powder composites, 
other OIPCs might benefit from this approach. For example, 
[C2mpyr][BF4] has shown good electrochemical performance in the 
past 150 but has not been tested with spherical polymer particles. In 
fact, substantial changes in ion conduction and electrochemical 
performance have already been reported for PVdF nanofiber 
composites. 10, 145 By selecting OIPCs with different anions, i.e., 
[BF4]- and [FSI]-, different interactions with the PVdF particles can 
be studied. Other polymers (or even ceramic nanoparticles) might 
also be interesting, e.g., polyethylene nanopowders. The lack of 
fluorine in the polymer should weaken the dipole interactions due 
to the C-H bond being less polarized than C-F. 
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9 
CHAPTER 9 APPENDIX 
 
 
 
Fig. 9.1  1H, 19F, 7Li NMR spectra for [C2mpyr][FSI], [C2mpyr][FSI] - 10 
mol% LiFSI, and [C2mpyr][FSI] - 10 wt% PVdF - 10 mol% LiFSI at 223 K 
and 293 K. 
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Fig. 9.2 Static variable temperature NMR spectra: 1H of [C2mpyr][FSI], 
[C2mpyr][FSI] - 50 mol% LiFSI, and 8 wt% PVdF - 92 wt% ([C2mpyr][FSI] 
- 50 mol% LiFSI) composite; 19F of [C2mpyr][FSI], [C2mpyr][FSI] - 50 mol% 
LiFSI, and 8 wt% PVdF - 92 wt% ([C2mpyr][FSI] - 50 mol% LiFSI) 
composite; 7Li of [C2mpyr][FSI] - 50 mol% LiFSI, and 8 wt% PVdF - 92 
wt% ([C2mpyr][FSI] - 50 mol% LiFSI) composite. 
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Fig. 9.3 The variable temperature solid state static NMR spectra of 1H, 
19F, and 7Li for 60 wt% PVdF (362 nm) - 40 wt% ([C2mpyr][FSI] - 50 mol% 
LiFSI) powder composite from -50 to 60 °C. 
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Fig. 9.4 The variable temperature solid state static NMR spectra of 1H, 
19F, and 7Li for 60 wt% PVdF (200 nm) - 40 wt% ([C2mpyr][FSI] - 50 mol% 
LiFSI) powder composite from -50 to 60 °C. 
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The estimation of the interfacial area of PVdF with 
different sizes, 200 nm and 362 nm 
 
To estimate the interfacial area increase when the size of PVdF 
particles used to prepare the 60 wt% PVdF – 40 wt% ([C2mpyr][FSI] 
- 50 mol% LiFSI) composite, the following calculation was 
performed. 
Consider the two columns in fig. 9.5 with the same volume V0, and 
filled by round beads with diameters of R1 and R2. And R1 = 362 
nm. R2 = 200 nm. 
The volume of one bead V = , the surface area of one bead  
S = . 
Then the total area of beads in the columns  
St = = . 
When the beads diameter change from R1 to R2, the total surface 
area increases by: 
Si = =  = 81%. 
 
Fig. 9.5 The schematic of the composites with different particle sizes. 
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Fig. 9.6 (a) Reproduced figure from ref. 54, acknowledging X. Wang et al, 
Adv. Mater. Technol., Copyright (2017), with permission of John Wiley & 
Sons, Inc. (b) Schematic of the Li+ ion transport across the electrolyte. 
Fig. 9.6 (a) is a core-shell model proposed by Dr. X. Wang 
reproduced from ref. 54.  
From the supporting information, with the equation: 
           
𝑚𝑂𝐼𝑃𝐶
𝜌𝑂𝐼𝑃𝐶
+
𝑚𝑃𝑉𝑑𝐹
𝜌𝑃𝑉𝑑𝐹
=
𝑚𝑃𝑉𝑑𝐹
𝜌𝑃𝑉𝑑𝐹⁄
4
3⁄ ∙𝜋∙𝑟
3 ×
4
3⁄ ∙ 𝜋 ∙ (𝑟 + 𝑇)
3 
Where 𝑚𝑂𝐼𝑃𝐶  and 𝜌𝑂𝐼𝑃𝐶  are the weight and density of OIPC, 
respectively; 𝑚𝑃𝑉𝑑𝐹 and 𝜌𝑃𝑉𝑑𝐹 are the weight and density of PVdF, 
respectively. r is the diameter of PVdF. T is the thickness of the 
interphase.  
As 𝑚𝑂𝐼𝑃𝐶, 𝜌𝑂𝐼𝑃𝐶, 𝑚𝑃𝑉𝑑𝐹, 𝜌𝑃𝑉𝑑𝐹 are all constants,  
                                 
(𝑟+𝑇)3
𝑟3
= (1 +
𝑇
𝑟
)3 =  𝐶𝑜𝑛𝑠𝑡𝑎𝑛𝑡 
Thus, a larger r means a larger T, that is, the thickness of the 
interphase will increase with larger PVdF spheres. 
Obviously, in fig. 9.6(b), ideally, the shortest path for a Li+ ion across 
the electrolyte thickness is the straight line. A thicker interphase will 
be less tortuous and enable the Li+ ions, on average, to follow a 
shorter path. In measuring the conductivity, this will influence the 
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parameter ‘ι’ (Experimental, section 3.3.1) to effective provide a 
smaller value for the composites incorporating the larger spherical 
particles. 
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